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PREFACE

The O c c u p a t io n a l  S a fe ty  and  H e a l th  A c t  o f  1970 e m p h a s iz e s  the need for 
standards to  p ro tec t  the  health  and provide for the  safe ty  of workers occupationally 
ex p o sed  to  an  ever- increas ing  number of po ten tia l hazards. The National Institu te  
fo r  O c c u p a t io n a l  S a fe ty  and  H e a l th  (NIOSH) evaluates  all available  research  data  
and  c r i te r ia  and recom mends standards for occupational exposure. The Secre tary  of 
L abor  w ill  w e igh  th e s e  r e c o m m e n d a t io n s  along with o ther considerations, such as 
feasibility  and means of im plem entation , in promulgating regula tory  standards.

NIOSH will periodically review the  recom mended standards to  ensure continuing 
p r o t e c t i o n  of w o rk e rs  and  w ill  m a k e  s u c c e s s iv e  r e p o r t s  a s  new  r e s e a r c h  and  
e p id e m io lo g ic  s tu d ie s  a r e  c o m p le te d  and  as  sampling and analy tica l methods are  
developed.

The c o n t r ib u t io n s  to  th i s  d o c u m e n t  on d i i s o c y a n a te s  by NIOSH s ta f f ,  o ther 
F e d e r a l  a g e n c ie s  or departm ents ,  the review consultants , the  reviewers se lec ted  by 
th e  S o c ie ty  fo r  O c c u p a t io n a l  and Environmental H ealth  and the  A m erican Medical 
A ss o c ia t io n ,  and R o b e r t  B. O’C o n n o r ,  M .D., NIOSH c o n s u l t a n t  in o ccu p a tio n a l  
medicine, a re  gratefu lly  acknowledged.

The v iew s and  c o n c lu s io n s  e x p re s s e d  in th i s  d o c u m e n t ,  t o g e t h e r  w i th  the 
r e c o m m e n d a t io n s  fo r  a  s ta n d a r d ,  a r e  th o s e  of NIOSH. They a re  not necessarily 
th o se  of th e  c o n s u l ta n ts ,  the  reviewers se lec ted  by professional societies , or o ther 
F e d e r a l  ag e n c ie s .  However, all com m ents, w hether or not incorporated, have been 
s e n t  w i t h  t h e  c r i t e r i a  d o c u m e n t  to  t h e  O c c u p a t i o n a l  S a f e t y  and  H e a l th  
A d m in i s t r a t io n  fo r  c o n s id e r a t io n  in se tt ing  the  s tandard. The review consultants 
and th e  F e d e r a l  agencies which rece ived  the docum ent for review appear on pages 
v and vi.

J . Michael Lane, M.D.
Acting D irec to r ,  National Institu te  

for Occupational Safety and H ealth
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The D iv is ion  o f  C r i t e r i a  D ocum entation and S tandards Developm ent, 
N a t io n a l  I n s t i t u t e  fo r  O c c u p a t io n a l  Safety and H ealth , had prim ary 
re s p o n s ib i l i ty  fo r  t h e  deve lopm en t of the c r i te r ia  and recom m ended 
s ta n d a rd  fo r  d i isocyana te s .  Stephanie Soucek of this Division served 
a s  c r i t e r i a  m a n a g e r .  SRI I n t e r n a t i o n a l  d e v e l o p e d  th e  b a s ic  
in fo rm a t io n  fo r  c o n s id e r a t io n  by NIOSH s ta f f  and consultants  under 
co n tra c t  210-77-0015.

The D iv is ion  R e v ie w  o f  th is  d o c u m e n t  was provided by Douglas L. 
S m i t h ,  P h .D .  (C h a i rm a n ) ,  K e i th  H. J a c o b s o n ,  P h .D .,  H ow ard  L. 
M cM artin ,  M .D ., G e o f f r e y  T a y lo r  (D iv is ion  o f  R esp ira to ry  Disease 
Studies), and Seymour D. Silver, Ph.D. (consultant).
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I. RECOMMENDATIONS FOR A DIISOC Y AN ATES STANDARD

NIOSH re c o m m e n d s  t h a t  employee exposure to diisocyanates in the workplace 
be  c o n t ro l le d  by ad h eren ce  to the following sections. The standard  is designed to 
p r o t e c t  th e  h e a l th  and p ro v id e  fo r  th e  s a f e ty  of employees for up to  a 10-hour 
workshift, 40-hour workweek, over a  working life tim e. Compliance with all sections 
of the recom mended standard  should prevent adverse e f fe c ts  of diisocyanates on the 
h e a l th  of u n s e n s i t i z e d  workers and provide for the ir  safe ty . Sufficient technology 
e x is t s  to  p e r m i t  c o m p l ia n c e  w ith  th e  re c o m m e n d e d  s ta n d a rd .  Although NIOSH 
c o n s id e rs  th e  w o rk p la c e  e n v i ro n m e n ta l  l im i t s  to be safe  levels based on cu rren t 
in fo rm a t io n ,  th e  em ployer should regard them as the  upper boundaries of exposure 
and  m a k e  every  e f fo r t  to keep the  exposure as low as possible. The recom m ended 
standard will be reviewed and revised as necessary.

D i i s o c y a n a t e s  i r r i t a t e  th e  r e s p i r a t o r y  t r a c t  and  c a n  a c t  a s  r e s p i r a t o r y  
s e n s i t i z e r s ,  p ro d u c in g  as thm a-like symptoms in sensitized individuals with exposure 
a t  v e ry  low c o n c e n t r a t i o n s .  E x posu re  to  diisocyantes may also result in chronic 
im pairm ent of pulmonary function.

NIOSH p u b lish e d  c r i te r ia  for a recom mended s tandard  for to luene diisocyanate 
(TDI) in 1973. The p r e s e n t  re c o m m e n d e d  s ta n d a r d  is e x p a n d e d  to  inc lude  all 
d i i s o c y a n a te s ,  b u t  no t the ir  polym erized forms. It includes most of the provisions 
re c o m m e n d e d  in t h e  TDI docum ent but differs where appropria te  to  re f lec t  newer 
in fo rm a t io n  o r  s p e c ia l  provisions for o ther diisocyanates. Most of the inform ation 
c u r r e n t ly  a v a i la b le  on e f fec ts  of exposure to  diisocyanates concerns TDI and, to  a 
l e s s e r  e x t e n t ,  d ip h e n y lm e th a n e  d i i s o c y a n a te  (MDI). In addition to  TDI and MDI, 
occupational exposure limits a re  recom m ended for o ther diisocyanates th a t  have had 
w id e sp re a d  in d u s t r i a l  a p p l ic a t io n :  hexam ethylene diisocyanate (HDI), naphthalene
d i i s o c y a n a t e  (NDI), iso p h o ro n e  d i i s o c y a n a te  (IPDI), and  d ic y c lo h e x y l  m e th a n e  
diisocyanate (hydrogenated MDI).

" O c c u p a t io n a l  e x p o s u re  to  d i i s o c y a n a te s "  is defined as exposure to  airborne 
d i i s o c y a n a te s  a t  c o n c e n t r a t i o n s  a b o v e  o n e -h a l f  th e  recom m ended tim e-w eighted  
a v e r a g e  (TWA) occupational exposure lim it or above the recom m ended ceiling limit. 
A d h e r e n c e  to  a l l  p r o v i s i o n s  o f  t h e  s t a n d a r d  is r e q u i r e d  if  e m p lo y e e s  a r e  
o c c u p a t io n a l ly  ex p o sed  to  a i rb o r n e  d i i s o c y a n a te s .  If em ployees a re  exposed to  
a i r b o r n e  d i i s o c y a n a t e s  a t  c o n c e n t r a t i o n s  o f  o n e -h a l f  th e  r e c o m m e n d e d  TWA 
workplace envionmental limit or less, the  employer shall comply with all sections of 
th e  re c o m m e n d e d  s ta n d a r d  e x c e p t  S e c t io n s  2(b), 4(c), 8(b), and  the monitoring 
provisions of 8(c).
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Section 1 - Environmental (Workplace Air)

(a) Concentrations

Exposure to  diisocyanates shall be controlled so th a t  no employee is exposed a t 
c o n c e n t r a t i o n s  g r e a t e r  th a n  the  limits specified below. These lim its  expressed in 
U g /cu  m a re  equivalent to  a  vapor concen tra tion  of 5 ppb as a  TWA concen tra tion  
f o r  up t o  a  1 0 - h o u r  w o r k s h i f t ,  4 0 -h o u r  w o rk w e e k ,  an d  20 ppb a s  a  c e i l in g  
c o n c e n t r a t i o n  fo r  any 10-minute sampling period. The y g  equivalents for se lec ted  
diisocyanates are  as follows:

TWA Ceiling

Toluene diisocyanate (TDI) 35 Ug/cu rn 140 Ug/cu m

Diphenyl m ethane diisocyanate (MDI) 50 Ug/cu m 200 Ug/cu m

Hexam ethylene diisocyanate (HDI) 35 Ug/cu m 140 Ug/cu m

Napthalene diisocyanate (NDI) 40 Ug/cu m 170 Ug/cu m

Isophorone diisocyanate (IPDI) 45 Ug/cu m 180 Ug/cu m

Dicyclohexylmethane 4,4 '-diisocyanate 55 Ug/cu m 210 Ug/cu m
(hydrogenated MDI)

If o th e r  d i iso c y an a te s  a re  used, employers should observe environm ental limits 
e q u iv a le n t  to a  ceiling concen tra tion  of 20 ppb and a  TWA concen tra tion  of 5 ppb.

(b) Sampling and Analysis

E n v i r o n m e n t a l  s a m p le s  sh a l l  b e  c o l l e c t e d  and  a n a ly z e d  by th e  m e th o d s  
d e s c r ib e d  in A ppendix  I o r  by any  o th e r  method a t  leaSt equivalent in accuracy, 
precision, and sensitivity .

Section 2 -  Medical

M ed ica l  s u rv e i l la n c e  sha ll  be made available as outlined below to  all workers 
exposed to  diisocyanates in the  workplace.
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(a) Preplacem ent exam inations shall include a t  least:

(1) C o m p re h e n s iv e  m e d ic a l  and w ork  histories, with special emphasis 
d i r e c t e d  to  e v id e n c e  o f  p r e e x i s t in g  r e s p i r a to r y  c o n d i t io n s  such  a s  as thm a. A 
smoking history should also be compiled.

(2) P h y s ica l  e x a m in a t io n  giving particu lar a t ten tio n  to  the  respiratory
tra c t .

(3) S p e c i f ic  c l in ic a l  t e s t s  in c lu d in g  a  14- x 1 7 -inch  posteroan terio r 
c h e s t  roen tg en o g ram  and baseline m easurem ents  of forced  vital capac ity  (FVC) and 
forced expira tory  volume a t  1 second (FEV 1).

(4) A ju d g m e n t  of th e  w o rk e r 's  a b i l i ty  to  use  negative and positive 
pressure respirators.

(b) P e r io d ic  e x a m in a t io n s  sh a l l  be m a d e  a v a i la b le  a t  l e a s t  an n u a l ly ,  as 
determ ined  by the  responsible physician, and shall include:

(1) Interim medical and work histories.

(2) P h y s ic a l  e x a m in a t io n  giving particu lar  a t ten tio n  to the  respiratory  
t r a c t  and including m easurem ents  of FVC and FEV 1.

(c) D uring  e x a m in a t io n s ,  a p p l ic a n t s  or e m p lo y e e s  fo u n d  to  have medical 
c o n d i t i o n s  t h a t  c o u l d  b e  d i r e c t l y  o r  in d i r e c t ly  a g g r a v a t e d  by e x p o s u re  to  
d i i s o c y a n a te s ,  eg ,  resp ira to ry  allergy, chronic upper or lower resp ira to ry  irr i ta tion , 
c h ro n ic  obstructive pulmonary disease, or evidence of sensitiza tion  to  diisocyanates, 
sh a l l  be c o u n s e le d  on t h e i r  in c re a s e d  r isk  f ro m  w ork ing  w ith  these substances. 
C h ron ic  bronchitis, emphysema, disabling pneumoconiosis, or cardiopulmonary disease 
w ith  s ig n i f i c a n t ly  im p a ire d  ven tila to ry  capacity  similarly suggest an increased  risk 
f ro m  ex p o su re  to  d i i s o c y a n a te s .  If a h is to ry  of a l le rg y  o th e r  than  respiratory  
a l le rg y  is e l i c i t e d ,  a p p l i c a n t s  shou ld  be counseled th a t  they may be a t  increased 
r isk  of adverse health e f fec ts  from exposure to diisocyanates. Employees shall also 
be ad v ise d  t h a t  e x p o su re  to  d i i s o c y a n a te s  may resu lt in delayed e f fec ts ,  such as 
coughing or difficulty  in breathing during the  night.

(d) Pertinen t medical records shall be maintained. R ecords of environm ental 
e x p o s u re s  a p p l ic a b le  to  an  e m p lo y e e  sh a l l  be included in the employee's medical 
r e c o r d s .  S u c h  r e c o r d s  s h a l l  b e  k e p t  f o r  a t  l e a s t  30 y e a r s  a f t e r  th e  l a s t  
o c c u p a t io n a l  e x p o su re  to  d iisocyanates.  These records shall be made available to 
th e  d e s ig n a te d  m e d ic a l  rep resen ta tives  of the Secre tary  of H ealth , Education, and 
W e lfa re ,  of th e  S e c r e t a r y  o f  L ab o r ,  of th e  e m p lo y e r ,  and  o f  th e  employee or 
form er employee.
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Section 3 -  Labeling and Posting

(a) W arning s igns  sh a l l  be p r in te d  b o th  in English and in the  predominant 
la n g u ag e  of non-English-reading workers. Workers unable to  read labels and posted 
s igns  shall be in s truc ted  concerning hazardous areas  and shall be orally inform ed of 
the instructions prin ted  on labels and signs.

(b) C o n ta in e r s  of d i i s o c y a n a te s  shall ca rry  a  label th a t  bears the chemical 
n am e  of the compound contained there in  and inform ation on the compound's e f fe c ts  
on hum an  h e a l th  and  e m e rg e n c y  m e a s u re s .  The name and pertinen t inform ation 
may be arranged as in the example below:

COMPOUND NAME 
(Synonym or trade  name)

HARMFUL IF INHALED 

CAUSES BURNS

MAY CAUSE COUGH AND DIFFICULTY IN BREATHING 
DURING OR AFTER WORKSHIFT

Use with adequate ventilation.
Avoid breathing vapor, mist, or dust.
Do not get in eyes, on skin, or on clothing.
Wash thoroughly with w ater  and alcohol a f te r  handling.

F i r s t  Aid: In c a s e  of eye  con tac t,  flush eyes with copious am ounts
of w a te r .  If v ic t im  is o v e rc o m e ,  remove to  fresh  air. If breathing 
stops, give a r tif ic ia l  respiration. Call a  physician im m ediately .

F i r e f ig h t in g :  U se dry  c h e m ic a l  p o w d er ,  c a rb o n  d io x id e ,  or foam
extinguisher. Do not use w ater  unless large quantities  a re  available.

(c) In a r e a s  w h e re  d iisocyana tes  a re  used, signs bearing inform ation on the 
e f f e c t s  of the specific  compound on human health and em ergency m easures shall be 
p o s te d  in re a d i ly  v is ib le  lo c a t io n s .  This in f o r m a t io n  m ay  be a r r a n g e d  a s  the 
example below:

4



COMPOUND NAME 
(Synonym or trade  name)

HARMFUL IF INHALED

CAUSES BURNS

MAY CAUSE COUGH OR DIFFICULTY IN BREATHING 
DURING OR AFTER WORKSHIFT

F i r s t  Aid: In c a s e  of eye  con tac t,  flush eyes with copious amounts
o f  w a te r .  If v ic t im  is o v e rc o m e ,  remove to fresh  air. If breathing 
stops, give a rt i f ic ia l  respiration . Call a  physician im m ediately .

F i r e f ig h t in g :  U se d ry  c h e m ic a l  p o w d e r ,  c a rb o n  d io x id e ,  or foam
extinguisher. Do not use w ate r  unless large quantities  a re  available.

(d) If r e s p i r a t o r s  a r e  r e q u i r e d ,  th e  fo llo w in g  s ta te m e n t  shall be added in 
large le t te rs  to the sign required in Section 3(c):

RESPIRATORY PROTECTION REQUIRED IN THIS AREA

(e) In any a r e a  w h e re  th e re  is a  likelihood of em ergency  situations arising, 
s igns  r e q u i r e d  by S e c t io n  3(c) sh a l l  be supplem ented with signs giving em ergency 
and f i r s t - a i d  i n s t r u c t io n s  and  p ro c e d u re s ,  t h e  lo c a t io n  o f  f irs t-a id  supplies and 
e m e r g e n c y  e q u ip m e n t ,  and  th e  lo c a t io n s  o f  e m e rg e n c y  sh o w e rs  and  e y e w a sh  
fountains.

Section k -  Personal P ro tec tive  Equipment and Clothing

T h e  e m p l o y e r  s h a l l  u se  e n g in e e r in g  c o n t ro l s  w h e re  n e e d e d  to  k e e p  th e  
c o n c e n t r a t i o n  of a i rb o rn e  diisocyanates a t  or below the  lim its  specified in Section
( l ) (a ) .  The e m p lo y e r  s h a l l  a lso  p ro v id e  e m p lo y e e s  with p ro tec tive  clothing and 
e q u ip m e n t  of m a te r ia ls  res is tan t to penetra tion  by diisocyanates, such as rubber or 
p o l y v i n y l  c h l o r i d e ,  w h e n  n e c e s s a r y  to  p r e v e n t  sk in  and  e y e  c o n t a c t  w ith  
d i iso c y an a te s .  P ro tec tive  equipment suitable for em ergency use shall be loca ted  a t 
clearly identified  s ta tions  outside the work area .

(a) Eye P ro tec tion

The employer shall provide face  shields (20-cm minimum) with goggles and shall 
e n su re  tha t employees wear the p ro tec tive  equipment during any operation  in which
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splashes of liquid diisocyanates are  likely to  occur. P ro tec t ive  devices for the  eyes 
and  f a c e  sh a l l  be s e l e c t e d ,  u sed ,  an d  m a in ta in e d  in a c c o r d a n c e  w ith  29 C FR  
1910.133.

(b) Skin P ro tec tion

(1) The e m p lo y e r  sh a l l  p ro v id e  a p p r o p r i a t e  p r o t e c t i v e  clo th ing  and 
e q u ip m e n t  t h a t  a r e  r e s i s t a n t  to  p e n e t r a t i o n  by d i i s o c y a n a te s ,  including gloves, 
a p ro n s ,  s u i t s ,  and  b o o ts ,  and shall ensure tha t employees weai these when needed 
to  p r e v e n t  skin  c o n t a c t  w i th  l iq u id  d i i s o c y a n a te s .  W orkers  w ith in  10 f e e t  of 
sp ray in g  o p e r a t io n s ,  or a t  g re a te r  distance when th e re  is a g re a te r  drif t  of spray, 
sh a l l  be p r o t e c t e d  w ith  im p e rv io u s  c lo th in g ,  gloves, and footw ear in addition to 
required respiratory  pro tec tion . Rubber shoes or rubbers over le a th e r  shoes shall be 
w orn w h e n e v e r  t h e r e  is a p o s s ib i l i ty  th a t  liquid diisocyanates may be present on 
floors.

(2) P r o t e c t i v e  c lo th in g  and  equipment shall be c leaned inside and out 
a f t e r  e a c h  use .  R u b b e rs  sh a l l  be d e c o n ta m in a te d  and  v e n t i l a t e d  if they have 
b e c o m e  c o n t a m in a te d  w ith  d i i s o c y a n a te s .  C ontam inated  lea ther  artic les  shall be 
decontam inated  or discarded.

(c) Respiratory  P ro tec tion

E n g in e e r in g  c o n t ro l s  sh a l l  be u sed  w hen n e e d e d  to  k e e p  co n cen tra t io n s  of 
a i r b o r n e  d i i s o c y a n a t e s  a t  o r  be low  th e  r e c o m m e n d e d  e n v i ro n m e n ta l  l im i t s .  
C o m p l i a n c e  w ith  th e  p e rm is s ib le  e x p o s u re  l im i t  by th e  use  of r e s p i r a t o r s  is 
p e r m i t t e d  only during development, installa tion, and testing  of engineering controls, 
du r in g  p e r f o r m a n c e  of nonroutine m ain tenance or repair,  when working in confined 
sp aces ,  during spraying operations in the field, or during em ergencies. When use of 
a r e s p i r a t o r  is p e r m i t t e d ,  i t  sh a l l  be  s e l e c t e d  and  used  in accordance with the 
following requirements:

(1) To d e te rm in e  the type of resp ira to r  to  be used, the employer shall 
m e a su re  th e  co n ce n tra t io n s  of airborne diisocyanates in the workplace initially and 
th e r e a f t e r  whenever control, process, operation, worksite, or c l im atic  changes occur 
th a t  a re  likely to  increase the concen tra tion  of airborne diisocyanates.

(2) The employer shall provide respirators  in accordance with Table 1-1 
a n d  s h a l l  e n s u re  t h a t  th e  e m p lo y e e s  use  th e m  p ro p e r ly  w hen r e s p i r a t o r s  a r e  
re q u ire d .  The resp iratory  p ro tec tive  devices provided in conform ance wih Table 1-1 
sh a l l  be  th o se  a p p ro v e d  by NIOSH and the Mine Safety  and H ealth  Administration 
as specified in 30 CFR 11.
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TABLE 1-1

RESPIRATOR SELECTION GUIDE FOR DIISOCYANATES

Concentra tion Respira tor Type Approved under 
Provisions of 30 CFR 11*

Less than or equal to Type C s u p p l i e d - a i r  r e s p i r a t o r  w ith  f u l l
1,000 ppb fa c e p ie c e  o p e ra te d  in  p ressu re -dem and  or 

o th e r  p o s i t i v e  p r e s s u r e  mode or w ith  
f u l l  f a c e p ie c e ,  he lm e t,  o r  hood o p e ra te d  
in c o n t in u o u s - f lo w  mode

G reate r  than  1,000 ppb (1) S e l f - c o n ta in e d  b r e a th in g  a p p a ra tu s  
w ith  f u l l  f a c e p ie c e  o p e ra te d  in  p r e s ­
sure-demand or o th e r  p o s i t i v e  p r e s s u r e  
nrode
(2) Com bination  r e s p i r a t o r  in c lu d in g  
Type C s u p p l i e d - a i r  r e s p i r a t o r  w ith  
f u l l  fa c e p ie c e  o p e ra te d  in  p r e s s u r e -  
demand or o th e r  p o s i t i v e  p r e s s u r e  mode 
w ith  a u x i l l i a r y  s e l f - c o n t a i n e d  b re a th in g  
a p p a ra tu s  o p e ra te d  in  p ressu re-dem and
or o th e r  p o s i t i v e  p r e s s u r e  mode

Firefighting and Emergency S e l f - c o n ta in e d  b r e a th in g  a p p a ra tu s  w i th  
f u l l  f a c e p ie c e ,  o p e ra te d  in  p r e s s u re -  
demand or o th e r  p o s i t i v e  p r e s s u r e  mode

♦Use of supplied-air suits may be necessary to  prevent skin co n tac t  
during exposure a t  high concen tra tions  of a irborne, diisocyanates.
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(3) R e s p i r a t o r s  s p e c i f i e d  fo r  use a t  higher concentrations of airborne 
diisocyanates may be used in atm ospheres with lower concentra tions.

(4) The e m p lo y e r  sh a l l  e n s u re  th a t  employees a re  properly ins truc ted  
and  d r i l le d  a t  leas t  annually in the use of resp ira tors  assigned to  them and on how 
to  te s t  for leakage, proper f i t ,  and proper operation.

(5) The e m p lo y e r  sh a l l  e s ta b l i s h  and  conduct a  program of cleaning, 
s a n i t iz in g ,  in sp e c t in g ,  maintaining, repairing, and storing resp ira tors  to  ensure th a t  
employees a re  provided with clean respirators  th a t  are  in good operating condition.

(6) R e s p i r a t o r s  sh a l l  be  e a s i ly  a c c e s s ib le ,  and  e m p lo y e e s  sh a l l  be 
informed of the ir  location.

(7) T h e  e m p l o y e r  s h a l l  e n s u r e  t h a t  no  e m p lo y e e  is e x p o s e d  to  
d i i s o c y a n a t e s  a b o v e  th e  r e c o m m e n d e d  l im i t s  b e c a u s e  o f  im p ro p e r  r e s p i r a t o r  
selection, f it ,  use, or m aintenance.

(8) A r e s p i r a t o r y  p r o t e c t io n  program meeting the  requirem ents  of 29 
C F R  1910.134 t h a t  in c o r p o r a te s  th e  A m e r ic a n  N a t io n a l  S ta n d a rd  P rac tices  for 
R e s p i r a t o r y  P r o t e c t io n ,  Z 8 8 .2 -1 969 , sh a l l  be  e s t a b l i s h e d  and  e n f o r c e d  by th e  
employer.

Section 5 - Informing Employees of Hazards  from Diisocyanates

(a) A ll  c u r r e n t  and  p r o s p e c t iv e  e m p lo y e e s  w ork ing  w h e re  o c c u p a t io n a l  
ex p o su re  to  d iisocyanates may occur shall be inform ed orally and in writing of the 
h a z a r d s ,  r e l e v a n t  s i g n s  a n d  s y m p to m s  o f  e x p o s u re ,  a p p r o p r i a t e  e m e rg e n c y  
p ro c e d u re s ,  and proper conditions and precautions concerning safe  use and handling 
of d i i s o c y a n a te s .  The in s t r u c t io n a l  p ro g ra m  sh a l l  in c lu d e  a  descrip tion  of the 
g e n e ra l  na tu re  of the environm ental and m edical surveillance procedures and of the 
a d v a n ta g e s  to  th e  e m p lo y e e  of p a r t i c ip a t in g  in th e s e  s u r v e i l l a n c e  p rocedures .  
Em ployees  exposed to  diisocyanates should be warned th a t  symptoms of exposure to 
d i i s o c y a n a te s ,  such as nocturnal dyspnea, may occur several hours a f te r  the  end of 
th e  workshift. They should also be advised th a t  improper home use of polyurethane 
p ro d u c ts  c o n ta in in g  u n p o ly m e r iz e d  diisocyanates, such as foam kits  and varnishes, 
m ay in c re a s e  t h e i r  r isk  of w o r k - r e l a t e d  h e a l th  p ro b le m s .  E m p lo y e e s  shall be 
i n s t r u c t e d  on th e i r  r e s p o n s ib i l i t i e s  fo r  fo l lo w in g  w ork  p r a c t i c e s  and sanitation  
p ro c e d u re s  to help p ro tec t  the health  and provide for the  safe ty  of them selves and 
of fellow employees.

(b) The e m p lo y e r  sh a l l  in s t i tu te  a  continuing education program, conducted 
a t  l e a s t  a n n u a l ly  by persons qualified by experience or training, to  ensure th a t  all 
e m p lo y e e s  have  c u r re n t  knowledge of job hazards, proper m ain tenance and cleanup 
m e th o d s ,  and  p ro p e r  r e s p i r a t o r  u se . As a  minimum, instruction  shall include the 
in fo rm a t io n  p r e s c r ib e d  in pa rag rap h  5(c) below. This inform ation shall be readily
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available to  all em ployees involved in the m anufactu re ,  use, transport,  or storage of 
diisocyanates and shall be posted in prominent positions within the workplace.

(c) R e q u i re d  in f o r m a t io n  sh a l l  be  r e c o r d e d  on th e  "M ateria l Safety D ata  
S h ee t"  shown in A ppendix  II or on a  s im i la r  form approved by the  Occupational 
Safety and H ealth  Adm inistration, US D epartm en t of Labor.

Section 6 - Work P rac tices

(a) Control of Airborne Diisocyanates

(1) E n g in e e r in g  c o n t ro l s ,  su c h  as  p ro c e s s  en c lo su re  or local exhaust 
v e n t i l a t io n ,  sh a l l  be  u se d  w hen  n e e d e d  to  k e e p  e x p o s u re  to  diisocyanates a t  or 
be low  th e  recom m ended  environm ental limit. Ventilation systems, if used, shall be 
d es ig n ed  to  prevent accum ulation or recircu la tion  of diisocyanates in the  workplace 
e n v i ro n m e n t  and  to  e f f e c t i v e l y  r e m o v e  diisocyanates from the breathing zone of 
employees.

(2) Exhaust ventila tion  system s discharging to  outside air must conform 
to  applicable local, s ta te ,  and Federal a ir  pollution regulations.

(3) V e n t i la t io n  sy s te m s  sh a l l  be re g u la r ly  m aintained and c leaned to 
e n su re  e f f e c t iv e n e s s ,  w h ich  shall be verified by semiannual airflow m easurem ents. 
A log show ing  d es ig n  a i r f lo w  and  th e  r e s u l t s  o f  sem iannual inspections shall be 
kept.

(4) B e fo re  m a in te n a n c e  w ork  is u n d e r ta k e n ,  sources of diisocyanates 
sh a l l  be sh u t  o f f  and i s o la te d .  The n e e d  fo r  and  use  of resp ira tory  p ro tec tive  
equipment shall be de term ined  as outlined in Section 4.

(b) Confined Spaces

In c o n f in e d  a r e a s  w h e re  w ork  is p e r f o r m e d  routinely , such as spray booths, 
e x p o su re  to  diisocyanates shall be kept a t  or below the recom m ended lim its  by the  
u s e  o f  e n g i n e e r i n g  c o n t r o l s  as  d e s c r ib e d  in S e c t io n  6(a). When n o n ro u t in e  
o p e ra t io n s  such  as cleaning and m ain tenance must be perform ed in confined spaces 
no t  eq u ip p ed  with such engineering controls, the  following requirem ents  shall apply.

(1) E n t ry  in to  confined spaces, eg, tanks, pits, or process vessels, th a t  
may contain diisocyanates shall be controlled by a perm it system. Perm its  shall be 
s igned  by an au thorized  rep resen ta tive  of the employer, certify ing  th a t  p reparation  
of th e  c o n f in e d  s p a c e ,  p reca u t io n a ry  m easures, and personal p ro tec tive  equipment 
a re  a d e q u a te  and t h a t  p r e s c r ib e d  procedures will be followed. Each work perm it 
shall also be signed by the  em ployee entering the  confined space.
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(2) C o n f in e d  spaces tha t have contained diisocyanates shall be isolated 
by shutting off and sealing sources of diisocyanates.

(3) The confined space shall be cleaned with a  solvent, flushed, washed 
w ith  w a te r ,  p u rg ed  with air, and thoroughly ventila ted . It shall then  be inspected 
and t e s t e d  fo r  oxygen  d e f ic ie n c y ,  d iisocyanates, and the presence of combustible 
g ases  and  o th e r  s u s p e c te d  c o n ta m in a n ts  b e f o r e  be ing  e n t e r e d  and  r e in sp e c te d  
periodically a t 1-hour in tervals  while occupied.

(4) E ach  e m p lo y e e  en te r in g  the  confined space shall be equipped with 
a  s e l f - c o n ta in e d  b r e a th in g  a p p a r a tu s  as  s p e c i f i e d  in Section 4, a  harness, and a 
l i f e l in e .  At l e a s t  one  o th e r  e m p lo y e e  equipped for en try  with the same type of 
p r o t e c t i v e  equipm ent shall be s ta tioned  outside to monitor the operation. At least 
one a d d i t io n a l  p e rso n  sh a l l  be a v a i la b le  to  a s s is t  in an em ergency. All persons 
in v o l v e d  in  th e  o p e r a t io n  shou ld  be e q u ip p ed  w ith  som e  m ode  o f  c o n t in u o u s  
com m unica tion . Mechanical ventila tion  shall be provided continuously when workers 
are  inside the vessel.

(c) Storage and Handling

(1) D i i s o c y a n a te s  should  be s to red  in closed containers  and should be 
p r o t e c t e d  fro m  h e a t  and  d i r e c t  su n l ig h t .  They should not be s tored  near bases, 
p r im a ry  or s e c o n d a ry  a m in e s ,  acids, or alcohols, since these chem icals may reac t  
violently with diisocyanates.

(2) D i i s o c y a n a te  c o n ta in e r s  shou ld  be k e p t  c lo s e d  to  prevent w ater 
from  e n te r in g  th e  c o n t a in e r s ,  s in ce  w a te r  and  d iisocyanates  re a c t  to produce a 
w a te r - in s o lu b le  u r e a  and  c a rb o n  d iox ide ,  w hich  can genera te  enough pressure to 
ru p tu r e  th e  c o n ta in e r s .  All c o n t a in e r s  o f  d i i s o c y a n a te s  shou ld  be periodically 
in s p e c te d  fo r  s igns  of in c re a sed  pressure within the containers  and to  ensure tha t 
th e  i n t e g r i t y  of conta iners  and seals are  maintained. Leaking containers should be 
re m o v e d  to  the outdoors or to an isolated, w ell-ventila ted  a rea  before the contents  
a re  t r a n s f e r r e d  to  o th e r  s u i t a b le  containers, and leaks of diisocyanates should be 
cleaned up im mediately.

(d) Control of Spills and Leaks

(1) A d e q u a te  f a c i l i t i e s  fo r  h an d lin g  sp il ls  of d i iso c y a n a te s  shall be 
provided and shall include suitable floor drainage and readily accessible hoses, mops, 
b u c k e ts ,  a b s o rb e n t  or d e c o n ta m in a t in g  m a te r i a l s ,  and  p ro tec tive  equipment and 
clothing.

(2) All sp il ls  o r  leaks of diisocyanates shall be given prompt a t ten tio n  
by tra ined  personnel, and all unessential personnel shall be evacuated  from the  a rea  
during cleanup.
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(3) Waste m ate r ia l  con tam ina ted  with diisocyanates shall be disposed of
in a m a n n e r  no t  h a z a rd o u s  to  e m p lo y e e s .  D isp o sa l  m e th o d s  m u s t  conform  to  
a p p l ic a b le  local, s ta te ,  and F edera l regulations and shall no t cons ti tu te  a hazard  to 
th e  su r ro u n d in g  p o p u la t io n  or e n v i ro n m e n t .  Spills  o f  diisocyanates shall not be 
a l lo w e d  to  e n t e r  p u b lic  sewers or drains in am ounts th a t  could cause explosion or 
f ire  hazards.

(e) Emergency Procedures

E m e rg e n c y  p lans  and  p ro c e d u re s  shall be developed for all work areas  where 
the re  is a  poten tia l for exposure to diisocyanates. The m easures shall include those 
s p e c i f i e d  be low  and any  o th e r s  considered appropria te  for a  specific  operation or 
p r o c e s s .  E m p lo y ees  sh a l l  be  t r a i n e d  to  im p le m e n t  th e  p lan s  and  p ro c e d u re s  
e ffectively .

(1) P r e a r r a n g e d  p la n s  sh a ll  be  i n s t i t u t e d  fo r  o b ta in in g  e m e rg e n c y  
m ed ica l  ca re  and for the transporta tion  of injured workers. A suffic ien t number of 
e m p lo y e e s  sh a ll  be t r a i n e d  in f irs t  aid so th a t  assis tance is available im m ediately  
when necessary.

(2) E m p lo y ees  who h av e  s ig n i f i c a n t  sk in  c o n t a c t  w ith  diisocyanates 
shou ld  w ash  w ith  w a te r  or sh o w er  to  r e m o v e  th e  c o m p o u n d  from  the skin and 
shou ld  th e n  w ash th e  a f f e c t e d  a reas  with alcohol. C on tam ina ted  clothing shall be 
removed and discarded or cleaned before reuse.

(3) In t h e  e v e n t  o f  a  f i r e  invo lv ing  d i i s o c y a n a te s ,  a l l  u n e s s e n t i a l  
p e rso n n e l  shall be evacuated  from the  area . The types of extinguishing media th a t  
should  be used  in f ig h t in g  d i i s o c y a n a te - s u p p o r te d  fires  a re  dry chem ical powder, 
c a r b o n  d io x id e ,  or fo a m .  W ate r  shou ld  be u sed  only  if l a rg e  q u a n t i t i e s  a r e  
a v a i la b le .  F i r e f i g h t e r s  should be cautioned of the possibility of exposure to  o ther 
hazardous chemicals, such as hydrogen cyanide, phosgene, and carbon monoxide.

(4) A fter the f ire  has been extinguished, the a rea  shall be inspected  by
p ro p e r ly  p r o t e c t e d  personnel and shall be decon tam inated  to  remove any suspected 
diisocyanate residues before unpro tec ted  workers are  pe rm itted  to  en te r  the  area .

(f) Laundering

(1) B e fo re  b e ing  la u n d e re d ,  con tam ina ted  clothes shall be placed in a
d e c o n ta m in a t in g  so lu t io n  of w ater  containing 10% am m onia in a con ta iner th a t  is 
impervious to  diisocyanates.

(2) Personnel who clean con tam ina ted  clothing shall be inform ed of the
h a z a r d s  i n v o l v e d  a n d  s h a l l  be  p r o v i d e d  w i t h  g u id e l in e s  on how to  h an d le  
diisocyanates safely.
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(3) If an  o u ts id e  la u n d ry  f a c i l i t y  is u sed , th e  l a u n d e r e r s  sh a l l  be
a d v ise d  of th e  h a z a rd s  and  p ro p e r  p ro c e d u re s  involved in handling contam inated  
work c lo th in g .  C o n ta m in a te d  clothing shall be transported  to  the outside laundry 
facility  in sealed containers.

(g) Laboratory A ctivities

When diisocyanates a re  used in labora tory  ac tiv it ies ,  the following provisions, in 
addition to  o ther sections, shall be followed.

(1) M echanical pipetting aids shall be used for all p ipetting  procedures.

(2) E xperim ents ,  procedures, and equipment th a t  could produce aerosols 
or vapo rs  o f  d i iso c y an a te s  shall be confined to  labora to ry -type  hoods, glove boxes, 
or o th e r  s im i la r  c o n t ro l  a p p a ra tu s .  Exposure cham bers and associa ted  generation 
appara tus shall be separate ly  ventila ted .

(3) S u r fa c e s  on which diisocyanates are  handled shall be impervious to  
absorption or penetra tion  by these  compounds.

(4) L a b o ra to ry  vacuum systems, hoods, and exposure cham bers shall be 
e x h a u s t - v e n t i l a t e d  in a  m a n n e r  c o n s i s t e n t  w ith  F e d e r a l  and  lo c a l  a ir pollution 
regulations.

(5) A ir f lo w  in th e  labo ra to ry  shall be established in a  p a t te rn  flowing 
from  th e  least  to  the most con tam ina ted  area . C ontam ina ted  exhaust air shall not 
be rec ircu la ted  or discharged to  o ther work areas.

Section 7 - Sanitation

(a) P reparing , storing, dispensing (including vending machines), and consuming 
food  and sm oking shall be prohibited in work areas  where occupational exposure to 
diisocyanates may occur.

(b) E m p lo y ees  who h an d le  d i i s o c y a n a te s  o r  e q u ip m e n t  con tam ina ted  with 
d i i s o c y a n a te s  sh a l l  be a d v ise d  to  w ash th e i r  hands thoroughly with soap or mild 
de tergen t and w ater  before using to i le t  facilit ies , eating , or smoking.

(c) P la n t  f a c i l i t i e s  sh a ll  be m aintained in a san itary  manner in accordance 
with sanitation  requirem ents  listed  in 29 CFR 1910.141.

(d) The e m p lo y e r  sh a l l  p ro v id e  a p p r o p r ia te  changing and shower rooms as 
required in 29 CFR 1910.141(d,e).
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Section 8 - Monitoring and Recordkeeping

(a) Industrial Hygiene Surveys

E m p lo y e rs  sh a l l  c o n d u c t  an  in d u s t r i a l  h y g ie n e  su rv e y  a t  lo c a t io n s  w h e re  
d i i s o c y a n a te s  a r e  p r e s e n t  in th e  w o rk p la c e  a i r  to  d e t e r m in e  w h e th e r  th e re  is 
occupational exposure to airborne diisocyanates. Records of these surveys, including 
th e  bas is  fo r  co n c lu d in g  t h a t  c o n c e n t r a t i o n s  o f  airborne diisocyanates are  a t  or 
be low  o n e -h a l f  th e  re c o m m e n d e d  l im i t s ,  s h a l l  be m a in ta in e d .  Surveys shall be
r e p e a t e d  a t  l e a s t  a n n u a l ly  and  as  soon a s  p rac ticab le  a f te r  any change likely to
result in increased concentra tions  of airborne diisocyanates.

(b) Personal Monitoring

If i t  has  been de term ined  th a t  th e re  is occupational exposure to diisocyanates,
the  employer shall fulfill the  following requirem ents:

(1) A p ro g ra m  of p e r s o n a l  m o n i to r in g  sh a l l  be in s t i tu ted  to identify 
a n d  m e a s u r e ,  o r  p e r m i t  c a l c u l a t i o n  o f ,  t h e  e x p o s u r e  o f  e a c h  e m p l o y e e  
o c c u p a t io n a l ly  exposed to diisocyanates. Personal monitoring may be supplem ented 
by source and a rea  monitoring.

(2) In a l l  p e r s o n a l  m o n ito r ing ,  samples rep resen ta tive  of the  exposure 
in the breathing zone of the em ployee shall be collected .

(3) F o r  e a c h  d e t e r m i n a t i o n  of th e  d i i s o c y a n a te  c o n c e n t r a t i o n ,  a 
s u f f i c i e n t  n u m b er  of s a m p le s  sh a l l  be t a k e n  to  ch a ra c te r ize  employee exposure. 
V a r ia t io n s  in th e  e m p lo y e e 's  w ork  s c h e d u le ,  lo c a t io n ,  or d u t i e s  and changes in 
p r o d u c t i o n  s c h e d u le s  sh a l l  be c o n s id e re d  in d e c id in g  w hen s a m p le s  a r e  to  be 
collected .

(4) S am ples  f ro m  e a c h  o p e r a t io n  in e a c h  w ork  a r e a  and  each  shift 
s h a l l  b e  t a k e n  a t  l e a s t  o n ce  e v e ry  6 m o n th s  o r  a s  o th e rw is e  in d i c a te d  by a 
p ro fe s s io n a l  in d u s t r i a l  hygienist. If monitoring shows th a t  an employee is exposed 
to  d i i s o c y a n a te s  a t  concen tra tions  above the environm ental limits recom m ended in 
Section 1(a), additional monitoring shall be promptly in itia ted . If this confirm s tha t 
ex p o su re  is e x c e s s iv e ,  c o n t ro l  m e a s u re s  sh a l l  be in i t ia ted  as soon as possible to  
r e d u c e  th e  c o n c e n t r a t i o n  o f  d i i s o c y a n a te s  in the employee's environm ent to  less 
th a n  or eq u a l  to  th e  l im i t s  recom m ended in Section 1(a). The a f fe c te d  employee 
sh a l l  be n o t i f i e d  of th e  e x c e s s iv e  e x p o su re  and  o f  th e  c o n t ro l  m easures being 
im p le m e n te d .  M on ito r in g  of t h e  em ployee 's  exposure shall be conducted a t  leas t  
e v e ry  30 days  and  sh a l l  c o n t in u e  until tw o consecutive determ inations, a t  leas t  1 
w e e k  a p a r t ,  i n d i c a t e  t h a t  t h e  e m p l o y e e ' s  e x p o s u re  no lo n g e r  e x c e e d s  th e  
re c o m m e n d e d  e n v i ro n m e n ta l  limits. At th a t  point, semiannual monitoring may be 
resumed.
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(c) Recordkeeping

E n v iro n m en ta l  monitoring records and o ther pertinen t records shall be kept for 
a t  l e a s t  30 y e a r s  a f t e r  th e  l a s t  o c c u p a t io n a l  e x p o su re  to  d i i s o c y a n a te s .  The 
r e c o rd s  sh a ll  include the dates and tim es of m easurem ent, duties and job locations 
w ith in  t h e  w o rk s i te ,  s am p lin g  and  analytical methods used, the  number, duration, 
and  r e s u l t s  of samples taken, concen tra tions  of diisocyanates in air e s t im a ted  from 
th e s e  s a m p le s ,  the type of personal p ro tec tion  in use a t  the tim e of sampling, and 
i d e n t i f i c a t i o n  o f  th e  e x p o s e d  e m p lo y e e .  E m p lo y ees  sh a l l  be a b le  to  o b ta in  
in fo rm a t io n  on th e i r  own e n v i ro n m e n ta l  e x p o s u re s .  E n v i ro n m e n ta l  monitoring 
r e c o rd s  sh a ll  be m ad e  a v a i la b le  to designated represen ta tives  of the  Secretary  of 
L ab o r ,  th e  S e c r e t a r y  of H e a l th ,  E d u c a t io n ,  and  W e lfa re ,  and  th e  em ployee or 
form er employee.

P e r t i n e n t  medical records shall be re ta ined  by the  employer for 30 years a f te r  
t h e  l a s t  o c c u p a t i o n a l  e x p o s u re  to  d i i s o c y a n a te s .  R e c o rd s  o f  e n v i ro n m e n ta l  
e x p o su re s  a p p l ic a b le  to  an employee should be included in records. These medical 
r e c o rd s  sh a ll  be m a d e  available to  the designated represen ta tives  of the  Secretary  
o f  Labor, of the Secre tary  of Health , Education, and Welfare, of the  employer, and 
of the employee or form er employee.
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II. INTRODUCTION

This r e p o r t  p resen ts  the c r i te r ia  and the  recom m ended standard based thereon 
t h a t  w ere  p r e p a r e d  to  m e e t  th e  need for preventing im pairm ent of health  arising 
f ro m  o c c u p a t io n a l  e x p o su re  to  d i i s o c y a n a te s .  The c r i te r ia  docum ent fulfills the 
r e s p o n s ib i l i ty  of th e  S e c r e t a r y  of H e a l th ,  E d u c a t io n ,  and W elfare under Section 
20(a)(3) of th e  O c c u p a t io n a l  S a f e ty  and  H e a l th  A ct of 1970 to  "develop c r i te r ia  
d e a l in g  w ith  to x ic  m ateria ls  and harmful physical agents  and substances which will 
d e s c r ib e . . .e x p o s u r e  le v e ls  a t  w h ich  no e m p lo y e e  w ill  s u f f e r  im paired  health  or 
f u n c t i o n a l  c a p a c i t i e s  o r  d im in ish e d  l i f e  e x p e c ta n c y  a s  a r e s u l t  of his w ork  
experience."

A f te r  re v ie w in g  d a t a  and  consulting with o thers , NIOSH form alized  a  system 
fo r  th e  d e v e lo p m e n t  of c r i t e r i a  on which standards can be established to  p ro tec t 
t h e  h e a l th  and  to  p ro v id e  fo r  th e  s a f e ty  of e m p lo y e e s  e x p o se d  to  h a z a rd o u s  
c h e m ic a l  and  p h y s ic a l  agents. C r i te r ia  for a  recom m ended standard  should enable 
m a n a g e m e n t  and  la b o r  to  d ev e lo p  b e t t e r  e n g in e e r in g  contro ls  resulting in more 
h e a l th f u l  w ork  environm ents, and simply complying with the recom m ended standard 
should not be regarded as the final goal.

T hese  c r i t e r i a  fo r  a  re c o m m e n d e d  s ta n d a r d  fo r  diisocyanates a re  pa r t  of a 
c o n t in u in g  s e r i e s  o f  d o c u m e n ts  p u b l ish e d  by NIOSH. The recom m ended standard 
a p p l i e s  to  w o r k p la c e  e x p o s u re  to  d i i s o c y a n a te s  a r i s in g  f ro m  th e  p ro c e s s in g ,  
m a n u f a c tu r e ,  and  use  o f  th e s e  c o m p o u n d s  a s  a p p l ic a b le  under the O ccupational 
Safety and Health Act of 1970. The standard  is not designed for the  population-at- 
la rg e ,  and  any ex trapola tion  beyond the  occupational environm ent is not w arranted . 
It is in te n d e d  to :  (1) p r o t e c t  against irr i ta tion  of the skin, eyes, and resp iratory
t r a c t  by d i i s o c y a n a te s ,  r e d u c e  the  likelihood of sensitization  to  these compounds, 
and  m in im iz e  lo n g - te r m  e f f e c t s  on  p u lm o n a ry  fu n c t io n ,  (2) be m e a s u ra b le  by 
t e c h n iq u e s  t h a t  a r e  v a l id ,  rep ro d u c ib le ,  and available to  industry and government 
agencies, and (3) be a t ta inab le  with existing technology.

C r i t e r i a  fo r  a r e c o m m e n d e d  s ta n d a r d  fo r  to lu e n e  d i i s o c y a n a te  (TDI) w ere 
p u b lished  by NIOSH in 1973. The p r e s e n t  d o c u m e n t  is in te n d e d  to  ex tend  the 
c o v e ra g e  of th e  r e c o m m e n d e d  s ta n d a r d  to  o th e r  d i iso c y an a te s  and to  tak e  into 
account more recen t data .

O c c u p a t io n a l  e x p o s u re  to  som e  of the diisocyanates has produced respiratory  
i l ln e s s  in w o rk e rs .  In addition to  irr i ta ting  the  upper and lower resp iratory  t r a c t ,  
d i iso c y an a te s  can cause sensitization , and sensitized individuals may develop asthm a 
upon ex p o su re  to  d i i s o c y a n a te s  in v e ry  sm a l l  a m o u n ts .  C hronic im pairm ent of 
p u lm o n a ry  f u n c t io n  has  b e e n  r e p o r t e d  in some workers exposed to  diisocyanates. 
Diisocyanates a re  also irr i ta ting  to  the skin and eyes.
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F u r th e r  r e s e a r c h  is n e e d e d  in a n um ber  of a r e a s  r e l e v a n t  to  c o n t ro l l in g  
occupational exposure to diisocyanates. The possibilities of carc inogenic , mutagenic, 
t e r a to g e n i c ,  and  rep ro d u c t iv e  e f fec ts  from diisocyanates have not been adequately 
i n v e s t ig a te d .  S tu d ie s  in w h ich  e f f e c t s  on  in d iv id u a ls  a r e  co rre la ted  with their 
a c tu a l  e x p o s u re s  a r e  a lso  n e e d e d .  Screening te s ts  should be developed to  perm it 
e a r ly  r e c o g n i t io n  of adverse respiratory  e f fec ts  resulting from sensitization  to the 
d i i s o c y a n a t e s .  A n im a l  e x p e r i m e n t s  should  be p e r f o r m e d  to  d e t e r m in e  how 
c o n c e n t r a t i o n  and  le n g th  of e x p o s u re  a f f e c t  th e  d e v e lo p m e n t  o f  sens itiza tion . 
Im proved  e n g in e e r in g  c o n t ro l s  shou ld  be developed to p ro tec t  workers in certa in  
diisocyanate applications, such as spraying.
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III. BIOLOGIC EFFECTS OF EXPOSURE

The d i i s o c y a n a te s  a r e  c h e m ic a l  compounds in which two isocyanate  groups, - 
N C O , a r e  a t t a c h e d  to  c a rb o n  a to m s  of an  o rg a n ic  r a d ic a l .  T he chem ical and 
p h y s ic a l  p r o p e r t i e s  o f  v a r io u s  d i i s o c y a n a te s  a r e  l i s t e d  in T ab le  XI-1 [ 1 - 1 0 ] .  
Synonyms for these compounds are  lis ted  in Table XI-2.

Many d i i so c y a n a te s  exhibit high chemical reac tiv i ty  [ 1 1 ] .  In the  presence of 
w a te r  th e y  r e a c t  exotherm ically  to  produce an unstable carbam ic acid th a t  rapidly 
d i s s o c ia te s  to  fo rm  a  p r im a ry  amine and carbon dioxide. The prim ary amine can 
re a c t  fu rther  with excess isocyanate to  form a  u rea  derivative.

I s o c y a n a te s  a lso  r e a c t  v igorously  with organic compounds containing reac tive  
h y d ro g en s ,  e s p e c ia l ly  where the hydrogen atom is a t ta c h e d  to  oxygen, nitrogen, or 
s u lfu r  [ 1 1 ] .  In b io lo g ic  m acrorno lecu les ,  these groups occur abundantly, and the 
i s o c y a n a te s  w ill t h e r e f o r e  r e a c t  and  co m b in e  w ith  a  v a r i e ty  of s ites  on these 
m o le c u le s .  Polyfunctional isocyanates, such as the diisocyanates, can a c t  as cross- 
linking agents with biologic m acromolecules.

Extent of Exposure

The m o s t  co m m o n  method of synthesis of the diisocyanates is the  reac tion  of 
p r im a r y  a m in e s  w ith  p h o sg e n e  [ 1 2 ] .  In th i s  p ro c e s s ,  a  p r im a ry  a l i p h a t i c  or 
a r o m a t i c  a m in e ,  d is so lv ed  in a s o lv e n t  su ch  a s  x y le n e ,  m o n o c h lo ro b en zen e ,  or 
d ic h lo ro b e n z e n e ,  is mixed with phosgene dissolved in the same solvent and allowed 
to  r e a c t  fo r  s e v e ra l  hours  a t  t e m p e r a t u r e s  of a b o u t  200 C. More phosgene is 
ad d ed  during  the  process, and the  final reac tion  m ixture  is f rac t io n a ted  to  recover 
th e  i s o c y a n a te  p ro d u c t ,  as  w e ll  as  h y d ro c h lo r ic  a c id ,  u n r e a c t e d  phosgene, the 
solvent for recycling, and the  distilla tion residue for incineration.

Diisocyanates are  used to  produce polyurethane foams, coatings, e lastom ers , and 
sp an d ex  f ib e r s .  T o lu en e  d i i s o c y a n a te  (TDI), w h ich  is c o m m e rc ia l ly  available as 
s ta n d a rd  m ix tu re s  of th e  2 ,4 -  and  2 ,6 - i s o m e rs ,  is g e n e ra l ly  u sed  in producing 
f le x ib le  p o ly u re th a n e  fo a m s .  M ethylene diphenyl diisocyanate (MDI), especially in 
p a r t i a l l y  po lym erized  forms, is used more frequently  in rigid foams. A substantial 
a m o u n t  of MDI (40-50%  of  th e  a m o u n t  p ro d u ced )  is used in the  m anufac tu re  of 
p o l y u r e t h a n e  s y s t e m s ,  such  as  f o r m u la te d  p a c k a g e s  o f  i s o c y a n a te s ,  po lyo ls ,  
f lu o ro c a rb o n  b low ing  a g e n t s ,  f i r e  re ta rdan ts ,  su rfac tan ts ,  and ca ta ly s ts .  TDI and 
pure  MDI, or s p e c ia l  liquid MDI products, a re  used to  make e lastom ers , which are  
used  in m a n u fa c tu r in g  p r in t in g  ro l ls ,  l in e rs  fo r  m in e  c h u te s  and grain e leva to r  
c h u te s ,  c o a t e d  f a b r ic s ,  shoe  soles, and automobile bumpers [1 2 ,1 3 ] .  MDI is also 
used  in th e  fo u nd ry  in d u s t ry  as  p a r t  of a  binding system  for casting molds [ 1 4 ] .  
The to ta l  consumption of MDI and partially  polymerized MDI in 1975 was about 300 
m ill ion  pounds. TDI consumption to ta led  about 400 million pounds, and only a few 
million pounds of o ther diisocyanates were used in 1975 [ 1 5 ] ,
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W orkers  w ith  po ten tia l  occupational exposure to  diisocyanates include adhesive 
w o rk e rs ,  in su la t io n  w o rk e rs ,  d i i s o c y a n a te  resin workers, lacquer workers, organic 
c h e m i c a l  s y n t h e s i z e r s ,  p a in t  s p r a y e r s ,  p o ly u re th a n e  m a k e r s ,  ru b b e r  w o rk e rs ,  
shipbuilders, tex ti le  processors, and w ire-coating workers [ 1 6 ] .

A N IO SH  s u r v e y  c o n d u c te d  in 1972-1974 e s t i m a t e d  t h a t  5 0 ,0 0 0 -100 ,000  
e m p lo y e e s  in th e  U n i te d  S t a t e s  w e re  p o te n t i a l ly  e x p o sed  to  diisocyanates. This 
n u m b e r  does  no t in c lu d e  o c c a s io n a l  u se rs  of i s o c y a n a te  p r e p a r a t io n s  such  as 
p o ly u re th a n e  v a rn is h  and  m ay  t h e r e f o r e  u n d e r e s t i m a t e  th e  n u m b e r  of workers 
exposed.

Historical Reports

T o lu en e  d i i s o c y a n a te  and h e x a m e th y le n e  d i i s o c y a n a te  (HDI) w ere  the most 
w id e ly  u s e d  d i i s o c y a n a t e s  in th e  e a r ly  s t a g e s  o f  th e  in d u s t ry ,  a c c o rd in g  to  
W illiam son  [ 1 7 ]  and  Munn [ 1 8 ] .  C o n s e q u e n t ly ,  the  ea r l ie s t  reports  of hazards 
from  ex p o su re  to  i s o c y a n a te s  u su a lly  in v o lv ed  th e s e  compounds. Both of these 
com pounds  a r e  am ong  th e  m o re  v o la t i l e  d iisocyanates, and resp ira tory  and other 
h e a l th  problem s associa ted  with these compounds prom pted  the development of less 
v o la t i l e  di isocyanates and derivatives, as well as improved handling techniques. As 
a r e s u l t ,  a l th o u g h  m any  new d i i s o c y a n a te  p r o d u c ts  have been used in industrial 
applications more recen tly ,  the number of reports  of toxic e f fec ts  from exposure to 
diisocyanates has decreased.

In G erm an y  in 1941, G ross  and  H ellrung, according to  Friebel and Luchtra th  
[ 1 9 ] ,  in v e s t ig a t e d  the  toxicity  of TDI in animal experim ents. They exposed dogs, 
c a ts ,  rabbits, and guinea pigs to a  com m ercial TDI prepara tion  a t  14-1,400 ppm and 
r e p o r te d  t h a t ,  a t  th e  lo w er  c o n c e n t r a t i o n s  s tu d ie d ,  ir r i ta tion  of the  respiratory  
t r a c t  o c c u r r e d ,  and ,  a t  th e  h ig h e r  c o n c e n t r a t i o n s ,  b ro n c h i t i s ,  p n e u m o n ia ,  and 
pulmonary edem a resulted.

A c c o rd in g  to  Brugsch and Elkins [ 2 0 ] ,  toxic  e f fec ts  of TDI had been observed 
in G e rm a n  w o rk ers  h an d l in g  th e  s u b s ta n c e  in w ar-re la ted  industries during World 
War II. However, the f irs t  published account of TDI toxicity  in humans was a  1951 
r e p o r t  by F uchs  and  V alade  [ 2 1 ] ,  They d e s c r ib e d  n in e  c a s e s  of p ro g re s s iv e  
b ro n c h ia l  i r r i t a t i o n  in F re n c h  w o rk e rs  e x p o se d  to  TDI. On continued exposure, 
sev en  of th e  a f f e c t e d  w o rk e rs  d e v e lo p e d  an a s th m a - l ik e  c o n d i t io n ,  w h ich  the 
authors suggested was allergic.

In 1953, R e in l  [ 2 2 ]  rep o r te d  a  human fa ta l i ty  a t t r ib u ted  to  organoisocyanate 
e x p o su re .  This was 1 of 17 cases of resp iratory  illness in Germ an workers exposed 
to  TDI or o ther isocyanates. T hirteen  of these illnesses were severe. Two workers 
d ev e lo p e d  p u lm o n a ry  e d e m a ,  w h ich  in one  c a s e  w as f a t a l ,  t e r m in a t in g  in cor 
pu lm onale .  In the same year, in Sweden, Swensson e t  al [23] described th ree  cases
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of r e s p i r a t o r y  i l ln e s s  in p a in te r s  who used lacquer containing isocyanates. Two of 
th e s e  w o rk e rs  had  s p i r o m e t r i c  p u lm o n a ry  f u n c t io n  m e a s u r e m e n t s  suggestive of 
emphysema.

In the 1950's many similar cases of isocyanate toxicity  w ere  reported  in Europe 
[ 2 4 - 2 6 ] ,  in c lu d in g  a n o th e r  f a t a l i t y  [ 2 7 ] ,  and  in  t h e  U nited  S ta tes  [2 5 ,2 8 -3 1 ] .  
T h ese  o c c u r r e d  in w o rk e rs  exposed to  TDI in m anufacturing polyurethane foam or 
using  TDI- or p o ly i s o c y a n a te - b a s e d  la c q u e r s  and glues. As many as 99 cases of 
r e s p ira to ry  illness w ere reported  from a  single US plant m anufacturing polyurethane 
foam  [ 3 1 ] .  A 1962 re v ie w  by Elkins e t  al [3 2 ]  reported  a  to ta l  of 222 cases of 
respiratory  illness a t tr ib u ted  to  TDI exposure in the l i te ra tu re  through 1960.

G o ld b la t t  and G oldblatt [ 3 3 ] ,  in a 1956 report,  described a  case of a chem ist 
e x p o se d  to  th e  vap o r  of h e a t e d  1 ,5-naphthalene d iisocyanate (NDI). The chem ist 
d ev e lo p e d  a  s e v e r e  cough  t h a t  recu r red  each tim e he re tu rned  to  the laboratory . 
G err i tsen  [34 ] suggested in 1955 th a t  an as thm atic  condition in workers exposed to  
HDI was the result of an allergic  mechanism.

M o s t  o f  t h e  e a r l y  r e p o r t s  of r e s p i r a to r y  i l ln e s s  in w o rk e rs  e x p o se d  to  
d i i s o c y a n a te s  d esc r ibed  bronchial as thm a or chronic bronchitis, o f ten  considered by 
t h e  a u t h o r s  to  invo lve  e v id e n c e  of s e n s i t i z a t i o n  [ 2 3 - 2 5 ,2 8 ] .  H o w e v e r ,  som e  
r e s p i r a to r y  i l ln e s s e s  w e re  a t t r i b u t e d  to  d i r e c t  i r r i t a t i o n  from TDI, usually as a 
result of acu te  accidental exposures [28 -30 ,35] .

F r iebe l and Luchtra th  [1 9 ] ,  in 1955, a t te m p te d  to  dem onstra te  sensitiza tion  to  
TDI in g u in e a  pigs. They were not able to produce allergic  a s th m atic  responses in 
animals exposed to  TDI aerosol a t  120 ppm or TDI vapor a t  50-80 ppm. E ffec ts  on 
th e  a n im a ls '  lungs were a t t r ib u te d  to  primary toxic  action  by TDI. Zapp [3 6 ] ,  in 
1957, also reported  only d irec t e f fec ts  on the resp ira tory  t r a c t  in ra ts ,  guinea pigs, 
dogs, and  r a b b i t s  e x p o se d  to  TDI a t  1.5 ppm f o r  about 80 exposures of 6 hours 
each.

S ince  1960, a d d i t io n a l  c a s e s  o f  occupational illness a t t r ib u te d  to  exposure to 
d i iso cy an a te s  have been reported , but these have been less frequen t and less severe 
as  recognition of the  hazard  has increased. In 1973, NIOSH published c r i te r ia  for a 
r e c o m m e n d e d  standard for occupational exposure to  TDI [ 3 7 ] .  The studies of TDI 
to x i c i t y  on w hich  NIOSH b a se d  i t s  1973 r e c o m m e n d a t io n s  a r e  discussed in the 
fo llo w in g  s e c t io n s ,  as  is in f o r m a t io n  on TDI t h a t  has appeared  in the  l i te ra tu re  
more recently  and data  on o ther  diisocyanates. Most studies on TDI in this chapter 
th a t  a re  dated  prior to 1973 w ere  discussed in the earlier  docum ent.

Effec ts  on Humans

M uch of th e  in v e s t ig a t io n  of th e  b io lo g ic  e f f e c t s  of diisocyanates has been 
d i r e c t e d  to w a rd  d e te rm in in g  th e  e x t e n t  and  n a t u r e  of s e n s i t i z a t i o n  to  th e s e  
c o m p o u n d s .  In th is  docum ent, sensitiv ity  to  diisocyanates denotes the  tendency of
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s o m e  i n d i v i d u a l s  t o  h a v e  a r e s p i r a t o r y  re sp o n se  w hen th e y  a r e  e x p o se d  a t  
c o n c e n t r a t i o n s  m uch lo w er  th a n  th o s e  th a t  i r r i ta te  the resp ira tory  t r a c t  in most 
p e o p l e .  S e n s i t i z a t i o n  m a y  d e v e l o p  g ra d u a l ly  o r  su d d en ly  a f t e r  e x p o su re  to  
d i i s o c y a n a te s .  The usual r e sp o n se  is an  a s t h m a t i c  r e a c t io n ,  c h a r a c t e r i z e d  by 
w h e e z in g ,  d yspnea ,  and bronchial constric tion. Use of these te rm s is not intended 
to  im p l ic a te  any p a r t i c u l a r  m e c h a n is m  as the cause of the  reac tion . The te rm s 
"a l le rg y "  and  "allergic," on the o ther hand, a re  reserved for conditions in which an 
immunologic response is implied.

W orkers  o c c u p a t io n a l ly  exposed to  the diisocyanates in various industries have 
d e v e l o p e d  a d v e r s e  r e s p i r a t o r y  e f f e c t s ;  r e p o r t s  o f  sk in  d is e a se  and e v id e n c e  
s u g g e s t in g  s y s te m ic  to x i c i t y  f ro m  such  e x p o s u re s  hav e  b een  far less numerous. 
M ost of th e  a f fec ted  workers have been exposed in m anufacturing diisocyanates, in 
using th e s e  co m p o u n d s  to m anufactu re  polyurethane products such as foam, and in 
p a in t in g  or spraying polyurethane varnishes and paints. These ac tiv it ies  also involve 
poss ib le  ex p o su re  to  o th e r  p o ten tia l ly  harmful chem icals, including chlorobenzene, 
p h o sg en e ,  s ty r e n e ,  and  a m in e s ,  and  l i t t l e  is known of how such mixed exposures 
may a f fe c t  the toxicity of the diisocyanates.

M ost of th e  d a t a  a v a i la b le  on exposure to  diisocyanates a re  on TDI. Several 
r e p o r ts  on MDI and a smaller number on other diisocyantes, including HDI and NDI, 
have  a lso  been  published. In the following subsections, inform ation on the  biologic 
e f fec ts  of TDI is discussed f irs t ,  followed by data  on MDI and o ther diisocyanates.

(a) Respiratory  Effec ts

The odor th re s h o ld  for TDI es t im a ted  by Zapp [3 6 ]  in 1957 was 400 ppb (2.8 
m g / c u  m) in  12 o f  24 m en  t e s t e d .  F iv e  y e a rs  l a t e r ,  H e n s c h le r  e t  a l [ 3 8 ]  
e s t i m a t e d  an odor threshold of 50 ppb (360 y g /c u  m), using the  analy tical method 
of E r l ic h e r  and Pilz [ 3 9 ] ,  which they found was more accu ra te  and sensitive than 
th e  R a n ta  m e th o d  u sed  by Z app . Eye i r r i t a t i o n  was experienced by th re e  of six 
v o lu n te e rs  exposed a t this concen tra tion  for 10 minutes and five of six exposed for 
15 m inu tes ;  one also had nasal ir r i ta tion  [ 3 8 ] .  At 100 ppb (700 y g /c u  m), two of 
six c o m p la in e d  of t h r o a t  i r r i t a t i o n ,  and  e x p o s u re  a t  500 ppb (3 ,600  y g /c u  m) 
produced eye, nose, and th ro a t  irr i ta tion  in all volunteers.

P u lm o n a ry  fu n c t io n  te s t ing  has been used in many studies of workers exposed 
to  TDI and  o th e r  d i i s o c y a n a te s  to  e v a l u a te  c h a n g e s  in lung function. In 1964, 
sev en  f u r n i tu r e  p la n t  employees who sprayed, dipped, or pain ted  with polyurethane 
v a rn ish  deve loped  acu te  resp iratory  symptoms 0.5 hour to 3 weeks a f te r  their f irs t  
known ex p o su re  [ 4 0 ] .  T h re e  m e a s u r e m e n t s  m ade  a f t e r  som e im provem ents  in 
v e n t i la t io n  showed TDI a t  80, 100, and 120 ppb (570-850 y g /c u  m). All seven men 
coughed  and had difficulty in breathing and four had blood-stained sputum. Five of 
th e  seven were te s ted  for fo rced  vital capacity  (FVC) and fo rced  expira tory  volume 
a t  1 s eco n d  (FEV 1) 2 -3 .5  months a f te r  exposure and had higher values than  they 
did sh o r t ly  a f te r  exposure. The responses to  a questionnaire given 22 months a f te r
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exposure  a f te r  exposure suggested to the author th a t  four of six who responded had 
become sensitized to  TDI.

In 1 9 6 5 ,  W i l l i a m s o n  [ 4 1 ]  d e s c r i b e d  s ix  w o rk e rs  e x p o se d  to  TDI in a 
p o ly u re th a n e  foam  p la n t  who developed symptoms th a t  were considered suggestive 
of s e n s i t i z a t i o n .  F ou r  of th e s e ,  f ro m  a workforce of 99, had become sensitized 
during  18 m o n th s  of e x p o s u re  to  TDI a t  c o n c e n t r a t i o n s  u sua lly  below  20 ppb, 
a p p a re n t ly  d e te r m in e d  by a r e a  m o n ito r ing .  The author believed th a t  sensitization 
had r e s u l t e d  fro m  exposure a t  higher concentra tions  caused by spills. Immediately 
a f te r  one spill, TDI a t  200 ppb (1.4 m g/cu  m) was found, but the concen tra tion  was 
le ss  th a n  5 ppb (35 y g / c u  m) 10 m in u te s  l a t e r .  All six a f f e c t e d  workers had 
a s th m a  or b ro n c h i t i s  w i th  d e c re a se d  ventila tory  capacity  (FVC and FEV 1) during 
th e s e  in c id e n ts .  Some of th e  subjects were also occasionally exposed to  MDI, but 
always a t concentrations below 20 ppb (204 y g /c u  m).

In 1976, Charles e t  al [42 ] described a  case of pneumonitis and th ree  cases of 
c h ro n ic  r e s p i r a to r y  d is e a s e  in w o rk e rs  exposed to  TDI or HDI. Pneumonitis was 
d iag n o sed  in a  5 0 -y e a r -o ld  nonsmoker who had experienced difficulty  in breathing, 
w eight loss, and fever for 6 weeks a t  the tim e of exam ination. Prior to his 5 years 
of w ork ing  in th e  p o ly u re th a n e  fo am  in d u s t ry ,  he had been a coal miner for 11 
y e a r s .  C h e s t  X -ra y s  showed alveolar filling lesions in both the  lungs. Two months 
l a t e r ,  p u lm o n a ry  f u n c t io n  t e s t s  show ed  reduced FEV 1, v ita l capacity ,  to ta l  lung 
c a p a c i ty ,  and re s id u a l  v o lu m e  of th e  lungs . A b ro n c h o g ra m  showed peripheral 
c y s t i c  b ro n c h ie c ta s is  in the right upper lobe. All immunologic te s ts  for antibodies 
against TDI were negative. Microscopic exam ination of biopsy samples of lung tissue 
show ed  varia tions  from normal a rch i tec tu re  ranging from diffuse in te rs t i t ia l  disease 
to  a c u t e  in f l a m m a t io n  and  end-stage in te rs t i t ia l  fibrosis. The authors s ta te d  tha t 
th e  a r e a s  of filled alveoli resem bled desquamative in te rs t i t ia l  pneumonitis and tha t 
th e  w ho le  p ic tu r e  r e s e m b le d  t h a t  of a pulmonary hypersensitivity  response to an 
i n h a l e d  a l l e r g e n  r a t h e r  t h a n  c o a l - m in e r s '  p n e u m o c o n io s is ,  b u t  th e y  did no t 
dem onstrate  tha t this was re la ted  to  TDI exposure.

Two o th e r  w o rk e rs  d e v e lo p e d  s e v e re  dyspnea a f te r  exposure to  spills of TDI 
[ 4 2 ] .  Two to  t h r e e  years  a f te r  exposure, both workers had m odera te  obstruction 
of th e  a i rw a y s ,  as  in d i c a te d  by FEV 1 m easurem ents  below pred ic ted  values; one 
a lso  had  a d e c re a se d  vital capacity ,  and the  o ther, although his v ital capacity  was 
normal, still experienced severe  nonwheezing dyspnea a f te r  minimal exertion.

S im ila r  symptoms occurred in a 61-year-old man who had been a paint sprayer 
fo r  43 y e a rs  with no previous history of resp ira tory  illness; he developed wheezing, 
d y s p n e a ,  a n d  s w e a t in g  w ith in  h o u rs  w hen he f i r s t  used  a p o ly u re th a n e  p a in t  
c o n ta in in g  HDI [ 4 2 ] .  Whenever he was reexposed to  the paint by casual con tac t 
w ith  fu m e s  from  o ther spraying operations, he again developed symptoms. Testing 
1 y e a r  a f t e r  e x p o su re  showed m odera te  obstruction of airways, and he complained 
of nonwheezing dyspnea a f te r  exertion.

P epys  e t  al [ 4 3 ]  t e s t e d  fo u r  p a t i e n t s  w ith  o c c u p a t io n a l  a s th m a  fo r  TDI 
s e n s i t iv i ty  by simulating occupational exposures to  a tw o-stage polyurethane varnish
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w ith  TDI a c t iv a to r .  The subjects applied varnish with the TDI ac t iv a to r  and, on a 
s e p a r a t e  day , w i th o u t  th e  a c t i v a t o r ,  to  a su rface  in a small cubicle. When the 
a c t i v a t o r  was used , TDI concentra tions  in the air reached a  maximum of alm ost 2 
ppb (14 y g / c u  m), as measured by the  co lo rim etric  method of Meddle e t  al [ 4 4 ] .  
No TDI w as d e t e c t e d  w hen th e  varnish alone was applied. All th e  subjects were 
e s s e n t i a l ly  a s y m p to m a t ic  a t  the tim e of testing , and their FVC and FEV 1 values 
w ere  no t m o re  th a n  10% below pred ic ted  values. None showed positive responses 
in skin  t e s t s  w ith  com mon allergens, and none had a family or personal history of 
allergies.

A 26-year-old boatbuilder, who had been using a  tw o-stage polyurethane varnish 
s y s te m  fo r  8 y e a r s ,  had  cough and dyspnea a t  night [ 4 3 ] ,  The a t ta c k s  gradually 
b e c a m e  m ore severe and occurred earlier  in the  day, appearing only when the two- 
s t a g e  v a rn ish  was u sed .  A n o th e r  m an, 46 years old, had worked for 8 years as a 
m a in te n a n c e  e n g in e e r  w hose d u t i e s  included m aintenance of a  polyurethane foam 
m a c h in e .  He had  c h e s t  tightness and shortness of b rea th , which disappeared within 
20 m in u te s  a f t e r  he l e f t  w ork . H is sy m p to m s  a lso  b e c a m e  progressively worse, 
d e v e lo p in g  in to  s e v e re  a s th m a .  N either man had any known exposure to  spills of 
TDI. In challenge testing , both reac ted  to the varnish only when the TDI ac t iv a to r  
w as a d d ed .  The b o a tb u i ld e r  developed a la te  as thm atic  reac tion  th a t  appeared at 
1-2 hours  and  r e a c h e d  a  m a x im u m  a t  3-4 hours, while the m aintenance engineer 
showed an im m ediate  reaction.

T h e  o th e r  tw o  s u b je c t s  w e re  w om en  who w o rk ed  in a t e l e v i s io n  f a c t o r y  
d e p a r t m e n t  w h e re  c o a te d  wires were soldered [ 4 3 ] .  The wire, co a ted  with cured 
p o l y u r e t h a n e  a n d  p o ly v in y l  b u ty r a l ,  w as  d ipped  in to  a r e s in  f lux  c o n ta in in g  
d im e th y lam in e  hydrochloride and then  into m ulticore solder a t  460 C. One woman, 
44 y e a r s  o ld ,  d e v e lo p e d  a chronic cough and, a f te r  6 years, wheezing. The second 
w om an , a 5 4 -y e a r -o ld  s u p e rv is o r  in the same departm en t,  developed a  productive 
cough , wheezing, and breathlessness, developing into severe bronchitis th a t  kept her 
away from work for 5 weeks. Her symptoms recurred  within 1 week of her re turn , 
and th is  p a t t e r n  w as r e p e a t e d  e a c h  t im e  she a t te m p te d  to  re tu rn  to work. Both 
w o m e n  r e a c t e d  to  th e  v a rn is h  w ith  TDI a c t i v a t o r .  The f i r s t  w om an had  an 
im m e d i a t e  r e a c t io n  t h a t  w as r e s o lv e d  in 2 hours  b u t  w as fo l lo w e d  by a l a t e  
r e a c t io n  a t  3-4 h o u rs .  The second woman had only a la te  reac tion  a t  3-4 hours. 
She w as a lso  t e s t e d  w ith  v a r io u s  c o m p o n e n ts  used  in th e  so ld e r in g  opera t ion .  
P o s i t iv e  r e s u l t s  w e re  o b ta in e d  only with the simulation of the  soldering operation 
using c o a t e d  w ire ,  b u t  n o t  w ith  u n c o a te d  w ire .  This t e s t  p ro d u c e d  a  s e v e re  
a s th m a tic  reac tion  s ta rt ing  30-60 minutes a f te r  exposure ended and continuing for 6 
w eeks  b e fo re  he r  FEV 1 r e tu r n e d  to  p r e t e s t  le v e ls .  Blood te s ts  on these four 
p a t i e n t s  show ed  no eosinophilia, but sputum co llec ted  from the 54-year-old woman 
contained eosinophils. This suggested to the authors a reagin-m ediated  reaction.

The s e n s i t i z e d  in d iv id u a ls  t e s t e d  by P epys  and colleagues [4 3 ]  had adverse 
r e a c t io n s  to  TDI a f te r  exposures as brief as  10 m inutes a t  reported  concentra tions  
o f  a b o u t  2 ppb  (14 u g / c u  m). The a u th o r s  e m p h a s iz e d  t h a t  none  of th e s e  
s e n s i t i z e d  individuals had a  known history of heavy TDI exposure, such as exposure
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to  sp il ls .  Thus, i t  a p p e a r s  t h a t  e x p o su re  to  massive am ounts of TDI, as from a 
spill, may not be necessary to  produce sensitization.

The sa m e  technique of challenge exposure to polyurethane varnish was used by 
C a r r o l l  and  c o w o rk e r s  [ 4 5 ]  to  t e s t  fo u r  e m p lo y e e s  who w o rk ed  in an  o f f i c e  
a d j a c e n t  to  a  f a c t o r y  t h a t  used TDI. Three c lerical workers and a security  guard, 
am ong  47 w o rk e rs  in th e  o ff ice  block, had histories of as thm a-like  symptoms, and 
in tw o  c a s e s  th e se  were clearly  a l lev ia ted  during periods away from work. I t was 
d is c o v e re d  t h a t  the  air in let for the office  building was loca ted  only 23 fe e t  from 
th e  v e n t i l a t io n  outflow of the fac to ry  th a t  used TDI, but ac tua l a ir concentra tions  
in the offices were not determ ined.

The p o ly u re th a n e  v a rn is h  m ix tu re  used in the challenge testing  was one-th ird  
TDI, and th e  a u th o r s  [ 4 5 ]  s t a t e d  t h a t  th e  a tm o s p h e r ic  c o n c e n t r a t i o n  of TDI 
c r e a t e d  by pain ting  it  on a  surface  in the te s t  cham ber was about 1 ppb (7 y g /c u  
m), b u t  th e  m e th o d  of d e t e r m in a t io n  w as no t  descr ibed .  Three of the  patien ts  
reac ted  to  TDI, one a f te r  a 15-minute exposure, one a f te r  30 minutes, and one only 
a f t e r  a  6 0 -m in u te  e x p o s u re .  E xposu res  to  the varnish w ithout the TDI a c t iv a to r  
produced no reactions.

T h e  a u t h o r s  [ 4 5 ]  a lso  m e n t io n e d  t h a t  one  a d d i t io n a l  o f f i c e  w o rk e r  had  
a s t h m a t i c  sy m p to m s  t h a t  w e re  r e l i e v e d  by removal from the  environm ent. This 
su g g e s ts  t h a t  4 of th e  47 w o rkers  w ere sensitized to  TDI, a sensitiza tion  ra te  of 
about 9%.

To e v a l u a te  th e  s p e c i f i c i t y  of TDI sensitivity , O'Brien e t  al [4 6 ]  te s te d  the 
responses  of TDI workers to TDI, histamine, and exercise . The 63 men studied had 
been re fe rred  for investigation of possible w ork-re la ted  resp ira to ry  symptoms.

All 63 workers were te s te d  for respiratory  responses when they pain ted  a  bench 
in a c lo se d  c u b ic le  w i th  v a rn is h  fo r  30 m in u tes  [ 4 6 ] .  A fte r  control values for 
p u lm o n a ry  fu n c t io n  w ere  e s ta b l i s h e d ,  TDI was added to  the varnish in increasing 
a m o u n ts  on su b se q u e n t  days  u n t i l  a  r e a c t io n  w as e l i c i t e d  o r  u n t i l  a  maximum
a i r b o r n e  TDI c o n c e n t r a t i o n  of 20 ppb (140 y g / c u  m) w as r e a c h e d .  The t e s t
s u b je c t 's  FEV 1 and  FVC w e re  m o n i to r e d  b e f o r e  th e  e x p o s u re  and fo r  8 hours 
a f t e r w a r d s .  A s u b je c t  w as considered  sensitive to  TDI if his fall in FEV 1 a f te r  
exposure was 15% m ore than on the control day. TDI concen tra tions  in the  cubicle 
w ere  m e a su re d  by a con tinuous  monitor; in 23 cases, b reath ing-zone sampling was 
a lso  p e r fo rm e d ,  and the results  of the two m easurem ents  were found to  be closely 
co rre la ted  (r = 0.95).

F i f t y - t w o  of th e  workers were also te s ted  by inhaling an aerosol of histam ine 
a c id  p h o s p h a te  a t  g r a d e d  c o n c e n t r a t i o n s  up to  32 m g /m l fo r  30-second periods 
[ 4 6 ] .  A 20% fa l l  in FEV 1 was considered evidence of bronchial hyperreac tiv ity .  
F o r ty - s ix  s u b je c t s  p a r t i c i p a t e d  in e x e r c i s e  t e s t i n g ,  c o n s is t in g  o f  f r e e  running  
sufficient to  increase the hea r t  ra te  to 140 bea ts /m inu te .  A fa ll in FEV 1 of more
th a n  9% w as r e g a r d e d  as  in d ic a t iv e  of an  as thm atic  reac tion . All subjects were
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p r ic k  t e s t e d  w ith  23 common resp ira tory  allergens, and those who reac ted  to  1 or 
more were considered atopic .

T h i r t y - s e v e n  o f  t h e  63 w o rk e r s  w e re  s e n s i t iv e  to  TDI a s  in d i c a te d  by 
r e s p ira to ry  responses to challenge testing, which included 2 im m ediate , 17 la te ,  and 
18 dual reactions [ 4 6 ] .  Nine of these workers reac ted  to  TDI a t  concen tra tions  of 
le ss  th a n  1 ppb (7 y g / c u  m). When c h a l le n g e d  w ith  h is ta m in e ,  17 of 31 TDI- 
s e n s i t iv e  and 8 of 21 nonsensitive workers te s ted  showed bronchial hyperreac tiv ity .  
E x e r c i s e - i n d u c e d  a s t h m a  w a s  d e t e c t e d  in  18 o f  29 s e n s i t iv e  and  9 of 17 
n o n se n s i t iv e  workers. D ifferences betw een the TDI-sensitive and nonsensitive groups 
w ere  not s ig n i f i c a n t  ( a t  P = 0.05) by W ilcoxon 's  n o n p a r a m e t r i c  te s t  for unpaired 
s a m p le s .  H o w e v e r ,  in th e  subgroup of sensitive workers who responded to  TDI a t  
le ss  th a n  1 ppb, th e re  were significantly more reactions to  both histam ine (P<0.005) 
and e x e r c i s e  (P<0.01) than  in those who reac ted  only a t  higher TDI concentrations; 
th is  e x t re m e ly  sensitive group also had a singificantly higher incidence of exerc ise- 
induced  a s th m a  th a n  th e  g roup  t h a t  did not re a c t  to  TDI (P<0.025). Age, a topic  
s t a t u s ,  and h is to ry  of rh in i t i s  w e re  s im ila r  in the TDI sensitive and nonsensitive 
g roups , bu t  th e r e  was a higher incidence of as thm a prior to  work with TDI and of 
a  fam ily  h is to ry  of a l le rg y  in th e  n o n s e n s i t iv e  group. There was no significant 
d i f f e r e n c e s  be tw een  smokers, exsmokers, and nonsmokers on the TDI, h istam ine, or 
exercise tests .

In a f u r t h e r  s tu d y ,  O 'B rien  e t  a l [ 4 7 ]  in v e s t ig a te d  c ross-reac tiv ity  to  TDI, 
MDI, and HDI in 24 d i i s o c y a n a te  workers re fe rred  for investigation of resp iratory  
sy m p to m s .  All 24 m en  had  been exposed to  TDI, 14 to  MDI, and 6 to  HDI; 5 of 
the l a t te r  group had been exposed to all 3 diisocyanates.

All s u b je c t s  w e re  c h a l le n g e d  w ith  TDI by the  procedure previously described 
and  w ith  MDI o v e r  th e  s a m e  ra n g e  of c o n c e n t ra t io n s  (<1-20 ppb) by heating the  
m a te r i a l  in a c lo se d  cubicle  [ 4 7 ] .  Nine, including the  six with previous exposure 
to  H D I,  w e r e  a l s o  c h a l l e n g e d  by  p a i n t i n g  w i t h  a n  H D I v a r n i s h ,  b u t  a i r  
c o n c e n t r a t i o n s  o f  HDI w e re  not measured. All subjects were te s ted  by histamine 
inhalation.

S ix te e n  of th e  subjects w ere sensitive to  TDI, and eight of these  also reac ted  
to  MDI, inc lud ing  fo u r  who had no known previous exposure to MDI [ 4 7 ] .  Three 
o f  th e  n ine  w o rk e rs  t e s t e d  with HDI showed positive responses; all th re e  had also 
r e a c t e d  to  b o th  TDI and  MDI, and two of them had no previous exposure to  HDI. 
H is ta m in e  inha la tion  produced a positive reac tion  in five of the  eight subjects who 
did no t re sp o n d  to  challenge with diisocyanates, one of the eight who reac ted  only 
to  TDI, and six of the eight who reac ted  to both TDI and MDI (including all th ree  
who also reac ted  to  HDI). The authors reported  th a t  subjects who reac ted  to  more 
th a n  one d i i s o c y a n a te  had a g rea te r  degree of h is tam ine reac tiv i ty  and reac ted  to  
TDI a t lower concentra tions  than did those who reac ted  only to  TDI.

A c c o rd in g  to  th e  a u th o r s ,  th e s e  tw o  s tu d ie s  [ 4 6 ,4 7 ]  s u g g e s te d  t h a t  both 
s p e c i f i c  ( p r o b a b l y  i m m u n o l o g i c )  a n d  n o n s p e c i f ic  m e c h a n is m s  c o n t r i b u t e  to
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d i i s o c y a n a te  s e n s i t i v i ty .  A m ong workers re fe rred  for resp ira tory  symptoms, TDI- 
s e n s i t iv e  individuals were no more likely to  have nonspecific a s th m atic  responses to  
h is ta m in e  or e x e r c i s e  than  w ere those who did not re a c t  to  TDI. However, those 
who show ed  e x t r e m e  s e n s i t i v i ty  to  TDI, reac ting  a t  concen tra tions  of less than 1 
ppb, did hav e  an increased  incidence of nonspecific as thm atic  responses, suggesting 
to  the authors th a t  specific  sensitiv ity  to  TDI might be ex acerba ted  by ir r i ta t ive  or 
p h a rm a c o lo g ic  h y p e r r e a c t iv i t y  of th e  a i rw a y s .  The e x i s t e n c e  o f  such  a  dual 
m e c h a n ism  in individuals ex trem ely  sensitive to diisocyanates was supported by the  
r e s u l t s  of cross-challenging with TDI, MDI, and HDI [ 4 7 ] .  The authors considered 
t h a t  im m u n o lo g ic  c r o s s - r e a c t i v i t y  b e tw e e n  th e s e  t h r e e  com pounds was unlikely 
b e c a u se  of t h e i r  s t r u c t u r a l  d i f f e r e n c e s .  They  concluded th a t  the ir  resu lts  were 
co n s is ten t  with the  ex istence of a  specific mechanism of TDI sensitiv ity  coupled, in 
e x t r e m e ly  s e n s i t iv e  in d iv id u a ls ,  with a  pharmacologic mechanism th a t  also caused 
increased reac tiv i ty  to  o ther diisocyanates.

O ccupa tiona l exposure to MDI has produced respiratory  e f fe c ts  similar to  those 
rep o r te d  from TDI exposure. Longley [ 4 8 ] ,  in 1964, described an incident in which 
12 m en  who w orked  60-120  f e e t  f ro m  an MDI foarn-spraying operation  developed 
s y m p to m s ,  inc lud ing  a s th m a t ic  breathing, re tro s te rna l  soreness, constr ic tion  of the 
c h e s t ,  cough , re trobu lbar  pain, depression, headache, nasal discharge, and insomnia. 
All 12 workers developed symptom s within several hours a f te r  exposure to the mist. 
The w orkers  actually  spraying the  MDI foam , who wore full p ro tec tive  clothing and 
air-supplied resp irators, w ere unaffected .

Munn [ 1 8 ] ,  in 1965, d e s c r ib e d  tw o  c a s e s  of apparen t sensitiv ity  to  MDI. A 
w o r k e r  w ho u s e d  MDI m i x e d  w i t h  r e s in  to  m a n u f a c tu r e  t e le v i s io n  s c e n e ry  
e x p e r i e n c e d  s e v e r a l  a s th m a  a t t a c k s .  A t e c h n ic a l  s e r v ic e  r e p r e s e n t a t i v e  who 
d e m o n s t r a t e d  MDI sp ra y in g  and  d isp en s in g  techn iques  developed tigh tness of the 
c h e s t  w h en  p e r fo rm in g  o r  w a tc h in g  th e s e  d e m o n s t r a t io n s .  He n o t i c e d  th e s e  
sy m p to m s  under  c o n d i t io n s  in w h ich  o the rs  were not a f fe c te d  and which had not 
in i t ia l ly  a f f e c t e d  h im . Munn c o n c lu d e d  t h a t  MDI w as a  p o t e n t i a l  r e s p ira to ry  
ir r i tan t  and th a t  in rare  instances it could cause sensitization.

In 1972, Lob [ 4 9 ]  d e s c r ib e d  a  reac tion  to MDI in a  50-year-old worker in a 
p o ly u re th a n e  f a c t o r y  who had  no h is to ry  of a llergies, bronchitis, or asthm a. He 
i n t e r m i t t e n t l y  e x p e r i e n c e d  m a la is e  a c c o m p a n ie d  by fever,  nausea, and coughing, 
u sua lly  a t  th e  end of th e  day . A f te r  one  such  a t t a c k ,  a thorough exam ination 
show ed  t h a t  he had a s l ig h t ly  decreased  vital capacity .  A fte r  another a t ta c k ,  he 
had an increased white blood cell count (WBC) of 12,650/cu mm.

To d e t e r m in e  th e  f a c t o r s  p ro d u c in g  th e s e  symptom s, Lob [4 9 ]  exposed the 
w orker for 3-4 minutes in a sim ulated  operation where p lastic  belts  w ere welded by 
h e a t .  The a u th o r  s t a t e d  t h a t  MDI w as d e t e c t e d  in th e  whitish fum es given off 
du ring  th e  w eld ing  p ro c e s s ,  b u t  th e  c o n c e n t r a t i o n  w as no t  g iven ;  no TDI was 
d e t e c t e d .  The worker's body te m p era tu re  increased  to  39 C within 4-5 hours a f te r  
he w as ex p o sed ,  and  he had nausea and a  severe cough. Vital capac ity  decreased 
s l ig h t ly ,  WBC in c re a s e d ,  and  he had  c o n g e s te d  conjunctiva, increased pulse, and
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d ec re ase d  blood pressure. All these  signs were normal the  next day. Lob concluded 
t h a t  t h e  o n s e t ,  s e v e r i t y ,  p e r s i s t e n c e ,  and  r e c u r r e n c e  o f  th e  s y m p to m s  w e re  
suggestive of an  allergic  reac tion  to  MDI.

In 1971, Lapp [5 0 ]  described the e f fec ts  of brief exposures to  TDI and MDI on 
t h r e e  m en . O ne w as a 3 8 -y e a r -o ld  w o rk e r  in a  chem ical plant who had worked 
w ith  d i i s o c y a n a te s  fo r  13 years. The o ther two were 25- and 23-year-old medical 
o f f i c e r s  w ith  no p re v io u s  e x p o s u re  to  diisocyanates. Each subject slowly inhaled 
TDI from  a  s n i f f  b o t t l e .  A f te r  a t  leas t  1 day without exposure, each  subject was 
c h a l le n g e d  w ith  MDI in the same manner. Pulmonary function of each  subject was 
determ ined before and a f te r  each exposure.

F i f t e e n  m in u te s  a f t e r  TDI inhalation, the  values for FVC, FEV 1, and forced  
e x p i r a to r y  f low  b e tw e e n  25 and  75% of  the FVC (FEF 25-75) in the  worker who 
had  p rev io u s ly  b een  e x p o se d  to  d i i s o c y a n a te s  w e re  3 .16 , 2 .79 , and  3.62 liters , 
respectively , com pared with corresponding preexposure values of 4.03, 3.68, and 5.92 
liters . Airway res is tance increased  to 123% of the preexposure value a t  15 minutes 
a n d  166%  a t  30 m i n u t e s .  T h e s e  c h a n g e s  w e r e  p r o m p t l y  r e v e r s e d  by  a 
b r o n c h o d i l a t o r .  In th e  o th e r  tw o  s u b je c t s ,  t h e r e  w as no in c r e a s e  in a i rw a y  
r e s i s t a n c e  o r  d e c r e a s e  in FVC or FEV 1, but one subject had a slight decrease  in 
FEF 25-75 15 minutes a f te r  TDI inhalation.

A f t e r  t h e  c h a l l e n g e  w i t h  M DI, t h e  w o r k e r  o c c u p a t io n a l ly  e x p o sed  to  
d i i s o c y a n a te s  a g a in  show ed  an increase  in airway res is tance a t  15 and 30 minutes 
[ 5 0 ] .  He was unable to  perform the FVC te s ts  because of recurring cough spasms 
a t  t h e  1 5 - m i n u t e  t e s t  p e r io d .  The e f f e c t s  o f  MDI w e re  r e v e r s e d  fo llow ing  
a d m in i s t r a t io n  of a  b ronchodila to r .  Approximately 4-6 hours la te r ,  the man again 
e x p e r i e n c e d  c h e s t  t ig h tn e s s  and wheezing and his te m p era tu re  increased  to  100 F. 
All th e s e  sy m p to m s  had disappeared by the  next morning. The o ther two subjects 
show ed  no loss  of p u lm o n a ry  fu n c t io n  a f t e r  exposure to  MDI. Minor changes in 
th e i r  airway resis tance and thorac ic  volume were probably due to  chance, according 
to  the author, though he noted th a t  these might have been caused by irr i ta tion .

Lapp  [ 5 0 ]  c o n c lu d e d  t h a t  th e  c h a n g e s  o b s e rv e d  in th e  previously exposed 
in d iv id u a l  who w as e x p o s e d  to  TDI and MDI a t  le v e ls  t h a t  did no t cause such 
r e a c t i o n s  in th e  o th e r  s u b je c t s  c o n f i rm e d  his r e s p i r a t o r y  s e n s i t i v i t y  to  th e s e  
com pounds .  Since the  isocyanates to which this worker had previously been exposed 
w ere  no t id e n t i f i e d ,  th is  s tu d y  does  no t  p ro v id e  e v id e n c e  on t h e  p o te n t i a l  of 
diisocyanates to  produce cross-sensitiza tion.

(b) Immunologic E ffec ts

The s tu d ie s  d is c u s se d  in th e  preceding section  indicate  th a t  some people a re  
s e n s i t iv e  to  d i i s o c y a n a te s ,  reac ting  to  these substances in quantities  much smaller 
th a n  th o s e  t h a t  p ro d u c e  d i r e c t  i r r i t a t i o n  of th e  lungs in most individuals. The 
m e c h a n i s m  o f  s e n s i t i z a t i o n  t o  t h e  d i i s o c y a n a t e s  has b e e n  in v e s t ig a t e d  in 
immunologic and pharmacodynamic studies on exposed workers.
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A l l e r g i c  re s p o n s e s  t h a t  r e s u l t  f ro m  c i r c u l a t i n g  a n t ib o d ie s  c a n  be e i t h e r  
im m e d ia te  or la te ,  or a  combination of the two. Im m ediate  responses occur within 
m in u te s  of e x p o su re  to  th e  a n t ig e n ,  and  la te  reactions appear a few hours a f te r  
e x p o su re .  Im m e d ia te  r e a c t io n s  to  some substances a re  associa ted  with atopy, an 
i n n a t e  t e n d e n c y  t o  d e v e l o p  a l l e r g i e s ,  w hich  m ay be  r e l a t e d  to  h igh se rum  
c o n c e n t r a t i o n s  o f  r e a g i n - ty p e  im m u n o g lo b u lin  (IgE). Atopy is o ften  judged to  be 
p r e s e n t  if tw o  or m o re  sk in  t e s t s  w ith  common inhalant allergens such as pollen 
and animal dander a re  positive.

Molecules with molecular weights of less than 10,000 a re  rarely  antigenic; thus, 
im m u n o lo g ic  a c t i v i t y  o f  th e  diisocyanates probably resu lts  from a  reac tion  with a 
h a p te n  co m p le x  fo rm e d  f ro m  a d i i s o c y a n a te  and  a  natura lly  occurring antigenic 
s u b s t a n c e  such  as p r o te in  or p o ly s a c c h a r id e .  B eca u se  i s o c y a n a te s  r e a c t  w ith  
hyd roxy l,  am in o ,  su l fh y d ry l ,  or s im i la r  groups, i t  is likely th a t  hapten  complexes 
m ay be fo rm e d .  M ost in v e s t ig a to r s  who h a v e  s tu d ie d  th e  im m une response to 
d i i s o c y a n a te s  have  a t t e m p t e d  to  duplicate this hapten complex by conjugating the  
i s o c y a n a te  w ith  a protein  such as egg albumin or human serum albumin for use as 
an  a n t ig e n  in im m u n o lo g ic  t e s t s ,  using a m odification of the method described in 
1964 by Scheel e t  al [ 5 1 ] .

In 1968, B ru ck n er  e t  a l  [ 5 2 ]  e x a m in e d  26 w o rk e rs  e x p o se d  to  unspecified 
i s o c y a n a te s  a t  r e p o r t e d  c o n c e n t r a t i o n s  of 0-240 ppb, w ith  median values of 0-33 
ppb. Air c o n c e n t r a t i o n s  w ere  d e t e r m in e d  by th e  M arcali method from samples 
t a k e n  near the workers' breath ing  zones. The workers, who had been exposed for 3 
m on ths  to 11 years, w ere com pared with 18 workers who had no known exposure to 
i s o c y a n a t e s .  B lo o d  f r o m  t h e s e  w o r k e r s  w a s  t e s t e d  fo r  r e a c t i v i t y  by six 
im m uno log ic  assay techniques, using a  conjugate of TDI with human serum albumin.

F iv e  of th e  26 e x p o se d  w o rk e rs  were considered sensitized because they had 
a s th m a t i c  responses when exposed to small but unreported  amounts of diisocyanates 
[ 5 2 ] .  F o u r  of these  five, but only 1 of 21 unsensitized workers, had a  history of 
a l le rg ie s  before working with diisocyanates. These four sensitized subjects also had 
c l e a r ly  p o s i t iv e  ly m p h o c y te  t r a n s f o r m a t io n  t e s t s ,  a lthough all had been without 
e x p o su re  to  d iisocyanates  for a t  leas t  6 months before  testing . N either  unexposed 
nor u n s e n s i t i z e d  e x p o sed  w o rk e rs  gav e  p o s i t iv e  re s p o n s e s  in this te s t .  Passive 
c u ta n e o u s  anaphylaxis (PCA), P rausnitz-K uestner (P-K), leukocyte histam ine release, 
p a ss iv e  h e m a g g lu t in a t io n ,  and  g e l  d i f fu s io n  p re c ip i t in  te s ts  were negative in all 
subjects  and did not identify the  sensitized workers. Subsequent studies by Nava et 
al [ 5 3 ]  and  B u tc h e r  e t  a l [ 5 4 ]  hav e  no t  confirm ed the diagnostic value of the 
lymphocyte transform ation  te s t  for diisocyanate sensitivity.

B ru ck n e r  and  c o w o rk e r s  [5 2 ]  noted th a t  all five sensitized workers had been 
e x p o sed  to  d i i s o c y a n a te s  a t  c o n c e n t r a t io n s  above 20 ppb. They also pointed out 
th a t  the development of sensitization  in these workers occurred  only a f te r  2 months 
to  5 years of repe tit ive  exposures, concluding th a t  overt clinical sensitiza tion  might 
be av o id ed  if workers who showed increasingly severe  signs of resp ira tory  ir r i ta tion  
were removed from further  exposure to diisocyanates.
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In 1970, T ay lo r  [ 5 5 ]  a t te m p te d  to  d e tec t  circulating antibodies to  TDI in 55 
w o rk e rs  w ith  sy m p to m s  s u g g e s t iv e  of TDI sensitivity. Their sera  were com pared 
w i t h  t h o s e  f r o m  40 u n e x p o s e d  t e x t i l e  w o rk e rs  fo r  a n t ib o d ie s  by t e s t s  fo r  
c o m p le m e n t  f ix a t io n ,  P C A , and  red -ce l l- l in k ed  antiglobulin. None of the  control 
s e r a ,  bu t  23 of th e  t e s t  s e r a ,  gav e  p o s i t iv e  re su l ts  in one or more te s ts .  Five 
w ere  positive in more than one te s t ,  but only one in all th ree  te s ts .  Six sera  taken 
w ith in  a few  m o n th s  o f  an  u n u su a lly  h igh exposure to  TDI th a t  produced severe 
sy m p to m s  a l l  show ed  p o s i t iv e  t e s t  r e s u l t s .  T h e re  w as no c o r r e la t io n  between 
p o s i t i v e  a n t ib o d y  t e s t s  and  e o s in o p h i l ia  as  d e t e r m in e d  f ro m  blood  or sp u tu m  
sa m p le s .  The a u th o r  s u g g e s te d  t h a t  th e  lack  of c o r r e l a t i o n  betw een the te s ts  
in d ic a te d  th a t  they d e te c t  antibodies of slightly d iffe ren t specific ity  or of d ifferen t 
immunoglobulin classes.

In 1975, N ava  e t  a l [ 5 3 ]  d e s c r ib e d  im m u n o lo g ic  r e s e a r c h  on 182 clinical 
p a t i e n t s ,  a l l  b u t  one of whom had respiratory  symptoms, who had been exposed to  
d i i s o c y a n a te s  in th e  w orkplace . Ninety-six of these pa tien ts  re a c te d  positively to  
i n t r a d e r m a l  t e s t i n g  w ith  T D I-p ro te in  conjugates. Thirty-seven of the 96 workers 
w ith  positive te s ts  and 6 of 86 with negative ones were atopic. However, in the 45 
p a t i e n t s  w ith  im m e d ia te  r e a c t io n s ,  60% w ere atopic. The authors concluded th a t  
a to p y  w as no t  a f a c t o r  in TDI s e n s i t i z a t i o n ,  s in c e  m o s t  p a t i e n t s  with positive 
reac tio n s  to  TDI in in traderm al te s ts  were not atopic. However, the ir  data  suggest 
th a t  atopy may be a predisposing fac to r .

In traderm al te s ts  with an MDI-protein conjugate were perform ed on 61 subjects 
w ho h a d  b e e n  e x p o s e d  to  TDI b u t  n o t  to  MDI and  who h ad  c l e a r ly  p o s i t iv e  
re s p o n s e s  in in t r a d e r m a l  t e s t s  w ith  TDI [ 5 3 ] .  Eleven of these reac ted  to  MDI, 
s u g g e s t in g  c ro s s - se n s i t iz a t io n  betw een the two diisocyanates. However, the authors 
did no t r e p o r t  th e  r e s u l t s  o f  c o n t ro l  t e s t in g  w ith  th e  protein  component alone. 
R e s u l t s  of o th e r  immunologic te s ts  with TDI and MDI conjugates co rre la ted  poorly 
with those of in traderm al te s ts .

N ava  and a s s o c ia te s  [5 3 ]  also perform ed pulmonary function testing  on 45 of 
t h e s e  p a t i e n t s  who w ere  e x p o se d  to  TDI a t  100-130 y g / c u  m (14-18  ppb) in 
c h a l le n g e  t e s t s .  T h i r ty - f iv e  p a t i e n t s  showed decreased  pulmonary function a f te r  
TDI challenge. An im m ediate  or dual response occurred in 25, whereas 10 had only 
a  l a t e  re sp o n se ;  in c o n t r a s t ,  o v e r  half the positive reactions in in traderm al te s ts  
c o n s is te d  o f  a  l a t e  response only. Tests with acetylcholine on 18 subjects showed 
t h a t  th o se  who w ere  h y p e r r e a c t iv e  to  th i s  b r o n c h o c o n s t r i c to r  t e n d e d  to  have 
i m m e d i a t e  b r o n c h i a l  r e a c t io n s  to  TDI. This s u g g e s ts  t h a t  a  p h a rm a c o lo g ic  
mechanism, as well as an immunologic one, is involved in diisocyanate sensitivity.

In 1975, P o r t e r  e t  a l [ 5 6 ]  published a  re trospec tive  study of sensitization  in 
w o rk e rs  in a TDI m anufacturing  plant th a t  had been in operation  since 1956. The 
w orkforce  exposed to TDI numbered about 200, remaining fairly  constan t throughout 
th e  s tudy  per iod ,  and the  turnover during the  17 years of the  study was about 100 
w o rk e rs .  The investiga to rs  exam ined medical records of the workers to determ ine 
t h e  r e l a t i o n s h i p  o f  c l i n i c a l  p r o b l e m s  to  TD I c o n c e n t r a t i o n s  in t h e  p la n t .  
Immunologic and lung function testing  w ere perform ed on some workers.
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A ir sam ples  analyzed by the  Marcali method showed TDI concen tra tions  of 50- 
100 ppb (350-700  y g / c u  m), averaging 60 ppb (420 y g /c u  m), prior to  1969; they 
w e re  su b se q u e n t ly  r e d u c e d  by im p ro v e d  eng ineering  controls to  less than 50 ppb 
(350 y g / c u  m) in 1970, 20 ppb (140 y g /c u  m) in 1972, and 4 ppb (30 y g /c u  m) in 
1974 [ 5 6 ] .  T h ese  values w ere  not TWA concen tra tions , bu t averages of grab and 
c o n t in u o u s  samples. Peak concen tra tions  around 200 ppb (1,400 y g /c u  m) resulting 
f r o m  l e a k s ,  s p i l l s ,  and  lo ss  o f  r e a c t io n  c o n t ro l  w e re  m e a s u re d  on a b o u t  35 
o c c a s io n s ;  p eak  v a lu e s  w e re  sa id  to  h a v e  d e c r e a s e d  in t h e  la s t  5 years of the 
study.

F rom  1956 to 1974, 30 of 300 workers a t  risk in the plant w ere judged on the 
basis of medical exam inations to  have becom e sensitized to  TDI [ 5 6 ] .  At le as t  six 
w o rk e rs  w e re  h y p e r s e n s i t iv e  to  TDI on f i r s t  exposure, reac ting  a t  concentrations 
below  5 ppb (35 y g / c u  m); in o ther  workers, sensitiza tion  developed as la te  as 14 
y e a rs  a f t e r  in i t i a l  e x p o su re .  The authors noted th a t ,  as  individuals becam e more 
sensitized, they responded m ore quickly to  TDI exposures and recovered  m ore slowly 
a f t e r  re m o v a l  f ro m  e x p o s u re .  T a b le  I I I -1 shows th e  n u m b e r  of new  c a s e s  of 
s e n s i t i z a t i o n  d ia g n o se d  e a c h  y e a r  in re la t io n  to  the average air concen tra tion  of 
TDI. The d a t a  i n d i c a te  t h a t  a  d o s e - re s p o n s e  re la t io n s h ip  for sensitiza tion  may 
e x i s t .  It is also c lear, however, th a t  the incidence of sensitiza tion  decreased  with 
t im e  du r in g  th e  y e a r s  b e f o r e  1970 w hen  t h e r e  w e re  no s ig n i f i c a n t  changes  in 
a v e ra g e  TDI c o n c e n t r a t i o n s .  The a u th o rs  a t t r i b u t e d  th i s  no t only to  improved 
control of peak concentrations and increased  employee understanding of TDI e ffec ts ,  
but also to  possible "hardening" of exposed workers.

It a p p e a r s  m o re  l ik e ly  t h a t  m o s t  p o t e n t i a l l y  s e n s i t i z a b l e  w o rk e rs  becam e 
s e n s i t i z e d  du r in g  th e i r  e a r l i e r  y e a rs  a t  th e  h ig h e r  exposures. The authors [56 ]  
n o te d  th a t  sensitized workers were re loca ted  out of the TDI handling a rea  to  o ther 
p a r ts  of the plant. These considerations preclude the assumption th a t  20 ppb can be 
r e g a rd e d  as a  no -e ffec t  level for sensitization  on the basis of this study. The low 
tu rn o v e r  r a t e  im p lie s  t h a t  only  an  average of 5-6 workers each  year w ere newly 
exposed to  TDI, so tha t most of the workers exposed during the  la s t  3 years of the 
s tu d y  a lready  had several years of exposure a t  higher average concen tra tions .  Some 
w o rk e rs  b e c a m e  sens it ized  a f te r  14 years of exposure, indicating th a t  some of the 
s e n s i t i v i t y  c a s e s  r e p o r t e d  in  a b o u t  1970 d e v e lo p e d  w hen th e  a v e r a g e  TDI 
c o n c e n t r a t i o n s  w e re  a b o u t  60 ppb . I t  is u n c le a r  w h e th e r  th e  a u th o r s  u sed  a 
w e ig h t in g  procedure in calcula ting the  average concentra tions , or perhaps, averaged 
a l l  r e s u l t s .  F o r  t h i s  r e a s o n  i t  is i m p o s s i b l e  t o  c o n c lu d e  w h a t  th e  TWA 
c o n c e n t r a t i o n s  w ere  in the  p lant, and thus impossible to  ascer ta in  a concen tra tion  
sufficiently  low to  prevent sensitization.

P o r te r  e t  al [ 5 6 ]  a lso  p resen ted  case studies and results  of immunologic and 
p u lm o n a ry  fu n c t io n  t e s t i n g  f o r  32 of th e  w o rk e rs  in  th i s  p la n t ;  some of these 
workers had signs of resp ira tory  illness, according to  medical diagnosis, while others 
w e re  a s y m p to m a t ic .  S e ra  f ro m  th e s e  w o rk e rs  w e re  t e s t e d  fo r  the  presence of
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TABLE III-l

TDI CONCENTRATIONS AND CASES OF SENSITIZATION 
IN A TDI-MANUFACTURING PLANT

Year
S e n s i t i v i t y

Cases
Average TDI 

C o n c e n t ra t io n  
(ppb)

1956* 1 60
1957 4 t t

1958 3 1?

1959 3 I t

1960 1 11

1961 2 I t

1962 3 It

1963 1 II

1964 3 M

1965 1 II

1966 1 t l

1967 1 t l

1968 1 II

1969 2 t l

1970 1 <50
1971 2 It

1972 0 <20
1973 0 I t

1974 0 <4

* S ta r t - u p

From P o r te r  e t  a l  [5 6 ]
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a n t ib o d ie s  with the  P-K te s t  in monkeys and the PC A te s t  in guinea pigs, by using 
a t e s t  antigen of TDI conjugated with serum protein from the same animal species; 
th is  is th e  only im m u n o lo g ic  s tu d y  found  on TDI t h a t  used antigens made with 
hom ologous p ro te in s  in th e s e  t e s t s .  The P-K  t e s t  was intended to  identify IgE 
a n t ib o d ie s ,  w hich  th e  a u th o r s  e x p e c t e d  to  be a s s o c i a t e d  w ith  h y p e rs e n s i t iv i ty  
r e a c t io n s ,  and  th e  PCA  w as  to  id e n t i f y  c i r c u la t in g  IgG a n t ib o d ie s ,  which they 
a s su m e d  to  confer immunologic pro tection. The workers' se ra  were similarly te s ted  
with a common pollen antigen.

In th e  c a s e s  d e s c r ib e d ,  the re  was no corre la tion  betw een the presence of IgE 
or IgG a n t ib o d ie s  a g a in s t  TDI and  e i t h e r  c l in ic a l  s y m p to m s ,  lung fu n c t io n ,  or 
reac tiv ity  to  pollen antigens. For example, apparent sensitivity to  TDI accompanied 
by loss  o f  lung  fu n c t io n  w as r e p o r t e d  in a worker who had a  positive PCA te s t  
w ith  TDI a n t ig e n  b u t  n o t  with pollen antigen and in one who gave a positive P-K 
t e s t  w ith  po llen  b u t  show ed  no an t ib o d ies  against TDI; another sensitized worker 
had p o s i t iv e  PCA to  b o th  TDI and  pollen but refused pulmonary function testing . 
Two w o rk e rs  w ith  s e n s i t i z a t i o n  r e a c t io n s  to  TDI had  p o s i t iv e  resu lts  with TDI 
a n t ig e n  in th e  P-K t e s t ,  b u t  no loss  of lung  fu n c t io n .  Workers who showed no 
s ig n s  o f  s e n s i t i z a t i o n  to  TDI in c lu d e d  som e who g av e  n e g a t iv e  r e s u l t s  in a l l  
im m u n o lo g ic  te s t s  and o thers  with positive reactions to  TDI in the PCA, P-K te s t ,  
or both.

T hese  r e s u l t s  do not support the authors ' hypothesis regarding the  roles of IgE 
and IgG a n t ib o d ie s  in TDI s e n s i t i z a t i o n .  The authors a t t r ib u te d  the  loss of lung 
fu n c t io n ,  w h ich  w as a p p a r e n t ly  in d e p e n d e n t  o f  th e  p r e s e n c e  of a n t ib o d ie s ,  to  
b ro n c h o c o n s tr ic t io n ;  the  reactions of these individuals occurred  alm ost im m ediately  
upon e x p o su re  and  w ere  relieved by t re a tm e n t  with a bronchodilator. In con tras t ,  
c l in ic a l  reactions in the  two workers with positive immunologic te s ts  but no loss of 
lung function had developed gradually a f te r  several years of exposure. The findings 
o f  t h i s  s tu d y  i n d i c a t e  t h a t  an  im m u n o lo g ic  m e c h a n is m  m ay be  in v o lv ed  in 
d iisocyanate  sensitivity but th a t  sensitivity  in some individuals may also result from 
a  nonimmunologic mechanism.

As p a r t  of a  long-term study of workers exposed to  TDI, described in deta il in 
E p id em io lo g ic  Studies, Butcher and associates [5 4 ]  reported  in 1976 the  results  of 
im m u n o lo g ic  and in h a la t io n  c h a l le n g e  s tu d ie s  of 167 employees who worked in a 
f a c t o r y  p ro d u c in g  TDI. B e fo re  TDI p ro d u c t io n  b e g a n  and  a t  6 and  18 months 
a f te rw a rd ,  employees were p r ick -tes ted  to  determ ine their reac tiv i ty  to  a conjugate 
of TDI w ith human serum albumin (HSA) and to  HSA alone. They were also prick- 
t e s t e d  w ith  15 common inhalant allergens. Using blood taken  from the workers a t 
t h e  s a m e  t e s t  i n t e r v a l s ,  t h e  in v e s t ig a to r s  d e t e r m in e d  eo s in o p h i l  c o u n ts  and  
im m u n o g lo b u lin  le v e ls .  To identify TDI-specific antibodies, sera  were te s ted  with 
th e  TDI-HSA a n t ig e n  by radioimmunoassay te s ts ,  the PCA te s t  on guinea pigs, and 
t h e  P -K  t e s t  on  m o n k e y s .  E m p lo y e e s  who d e v e lo p e d  s y m p to m s  o f  a i rw ay  
o b s t r u c t io n  on m in im a l  exposure to TDI were cha llenge-tes ted  by exposure to TDI 
v a p o r  a t  c o n c e n t r a t i o n s  of 5-20  ppb (35-140 u g / c u  m) fo r  15 m in u te s .  TDI 
c o n c e n t r a t i o n s  w ere  m e a s u re d  by a continuous monitoring method and verified by
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th e  M arca l i  m e th o d .  P u lm o n a ry  function of each  individual was m easured before 
and  a f t e r  c h a l le n g e  e x p o s u re s .  F iv e  of th e  T D I- s e n s i t iv e  individuals were also 
evaluated  by lymphocyte transform ation  tests .

Workers were subdivided in to  groups with constan t, in te rm it ten t ,  or no exposure 
[ 54 ] .  On initial testing , four workers had positive skin reactions to  both TDI-HSA 
a n d  HSA a l o n e ;  h o w e v e r ,  du ring  th e  th i rd  p la n t  v is i t  6 m o n th s  l a t e r ,  t h r e e  
in d iv id u a ls  r e a c t e d  p o s i t iv e ly  to  TD I-HSA  bu t not to  HSA. The authors did not 
in d ic a te  th e  e x p o su re  g roups  o f  th e s e  p e rs o n s ,  b u t  they noted th a t  none of the 
th ree  showed clinical resp ira to ry  responses to  TDI.

B oth  b e fo re  and a f te r  TDI production began, PCA, P-K, and radioimmunoassay 
t e s t s  fo r  TDI a n t ib o d ie s  w e re  negative in all subjects [ 5 4 ] .  Eosinophil counts did 
no t d i f f e r  in e x p o sed  and  unexposed  groups. Immunoglobin levels w ere similar in 
a l l  t h r e e  e x p o s u re  g ro u p s .  Six m o n th s  a f te r  production began, both IgG and IgE
had in c re a s e d  s ig n i f i c a n t ly  o v e r  p re e x p o s u re  v a lu es ;  however, this increase was
a p p a r e n t  in a l l  g ro u p s ,  and  the  IgE increase was g rea te s t  in the  unexposed group. 
The a u th o rs  the re fo re  concluded th a t  the increase was not re la ted  to  TDI exposure 
but probably re f le c ted  seasonal variation.

TDI c h a l le n g e  e x p o s u re s  o f  11 in d iv id u a ls  showed th a t  5 had a  significantly 
d e c re a se d  FEF 25-75 im m ediately  following challenge [ 5 4 ] .  Two of these five had 
dual re s p o n se s ,  and tw o  o thers  also had la te  responses, with FEF 25-75 showing a 
d e c r e a s e  t h a t  b eg an  w ith in  1 hour a f t e r  an  e x p o s u re  and  la s te d  for a t  leas t  6 
h o u rs .  In som e  w o rk e rs ,  a d o s e - r e l a t e d  response could be dem onstra ted , since a 
r e d u c t io n  in lung fu n c t io n  occurred  a t  10 ppb (70 y g /c u  m) but not a t  5 ppb (35 
y g / c u  m). In a  fo llow up  study [ 5 7 ] ,  a t  leas t  two individuals did respond to  TDI 
a t  5 ppb but not a t  2.8 ppb (20 y g /c u  m).

T h e re  w as no p a t t e r n  of hay f e v e r  or asthm a or of a topy  (indicated by skin
te s t in g )  in th e  clinically sensitized  individuals or in those reac ting  to  the bronchial 
inhalation challenge [ 5 4 ] .  Leukocyte transform ation  te s ts  perfo rm ed  on five of the 
c l in ic a l ly  s e n s i t iv e  s u b je c t s  w e re  n e g a t iv e .  The a u th o r s  concluded th a t  positive 
b ro n c h ia l  r e s p o n s e s  to  TDI challenge w ere not re la ted  to e i ther  skin-sensitizing or 
precipita ting antibodies in workers with TDI-induced asthm a.

In a s u b se q u e n t  r e p o r t  on th e  sa m e  s tu d y  p o p u la t io n ,  B u tc h e r  e t  al [5 8 ]  
r e p o r te d  t h a t  PCA  and  P-K t e s t s  w e re  n e g a t iv e  th ro u g h o u t  the  3 years of the 
s tu d y .  All r a d io im m u n o a ssa y  te s ts  were negative until March 1975, 2 years a f te r  
th e  s tudy  began .  As o f  A pril  1976, w eak ly  positive  te s ts  had been obtained on 
e ig h t  m en in the group with constan t exposure, th ree  in the in te rm itten t ly  exposed 
g ro u p ,  and tw o  in th e  u n ex p o se d  g ro u p . By th is  t im e  t h e r e  had  also been 10 
p o s i t iv e  skin  tests; no group breakdown of these results was given. A la te r  report 
[ 5 9 ]  in d i c a te d  t h a t  sk in  t e s t i n g  had  b een  d i s c o n t in u e d  b e c a u s e  of i ts  lack of 
c o r r e l a t i o n  w ith  e i t h e r  c l in ic a l  s e n s i t i v i ty ,  b ro n c h ia l  r e a c t i v i t y  to  c h a l le n g e  
exposu res ,  or amount of exposure, and because it carried  the risk of sensitizing the 
subjects.
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I m m u n o lo g ic  s t u d i e s  on MDI hav e  a lso  p ro d u c e d  a m b ig u o u s  r e s u l t s ,  th e  
immunologic findings showing l i t t le  corre la tion  with resp iratory  sensitiv ity . In 1966, 
K onzen  e t  a l  [ 6 0 ]  d e s c r ib e d  im m u n e  responses to MDI vapor and particu la tes  in 
sev en  v o lu n te e r s  who sprayed polyurethane foam in an underground mine. Two of 
th e m  had  n e v e r  been exposed to MDI, four had not been exposed during the  la s t  6 
m o n th s ,  and one  w o rk ed  w ith  th e  s u b s ta n c e  daily. C oncen tra tions  of MDI were 
d e t e r m in e d  by th e  M a rc a l i  m e th o d ;  a  c o m p a r is o n  o f  p r e f i l t e r e d  and unfiltered 
s a m p l e s  show ed  t h a t ,  n e a r  th e  s p ra y in g  o p e r a t io n ,  a b o u t  70 -90%  of th e  MDI 
d e t e c t e d  w as in th e  fo rm  of p a r t i c l e s ,  m o s t ly  in th e  re sp irab le  range. During 
t e s t i n g ,  th e  workers were in te rm itten t ly  exposed to MDI a t  reported  concentrations 
of 13-244 ppb (1 30 -2 ,500  u g / c u  m) fo r  2 .3 -30  minutes. The workers' sera  were 
t e s t e d  fo r  an tibodies by the  PCA te s t  a t  4 days, 14 days, 3 months, and 6 months 
a f te r  exposure. MDI conjugated to egg albumin was the  te s t  antigen.

None of th e  w o rk e rs  d ev e lo p ed  respiratory  symptom s a f te r  exposure, but one 
d e v e lo p ed  a te m p e ra tu re  of 101 F about 6 hours a f te r  an initia l exposure a t  about 
130 ppb (1 ,330  u g / c u  m) fo r  30 m in u te s  [ 6 0 ] .  O ne s u b je c t ,  who had had no 
p re v io u s  e x p o su re  to  MDI and who had the lowest exposure during tes t ing , showed 
no a n t ib o d ie s  to  MDI a t  any te s t  in terval. The others  showed positive or strongly 
p o s i t iv e  PCA t e s t s  a t  th e  14-day in terval, declining a t  3 months and disappearing 
by 6 m o n th s .  The individual who received the g rea te s t  exposure was the one who 
had been  e x p o sed  daily to  MDI, but he gave a weaker positive response than most 
o t h e r  e x p o s e d  s u b j e c t s .  Thus, t h e r e  m ay be l i t t l e  r e la t io n s h ip  b e tw e e n  an 
in d iv id u a l 's  im m u n o lo g ic  r e a c t i v i t y  to  MDI and  th e  a m o u n t  o f  exposure he has 
received.

R e l a t i n g  a n t i b o d y  r e s p o n s e s  to  c u m u l a t i v e  e x p o s u re s  du r in g  th e  t e s t  
( c o n c e n t r a t i o n  x le n g th  of e x p o s u re ) ,  K onzen  e t  a l [ 6 0 ]  found  t h a t  th e  six 
individuals who had positive PCA te s ts  had cum ulative exposures ranging from 1,300 
to  9 ,400  ppb-m inutes ,  while the subject who did not develop antibodies had a  to ta l 
e x p o su re  of 900 p p b -m in u te s .  H o w e v e r ,  th e  a u th o r s  n o te d  th a t  the  number of 
in d iv id u a ls  t e s te d  was too small to  ind icate  th a t  antibody t i te r  was proportional to  
exposure.

In a  1973  N IO SH  h e a l th  h a z a rd  e v a lu a t io n ,  V a n d e rv o r t  an d  L u cas  [ 6 1 ]  
in v e s t ig a t e d  im m u n o lo g ic  re sp o n s e s  o f  90 w o rk e rs  e x p o s e d  to  MDI a t  average  
c o n c e n t r a t i o n s  of up to  11 ppb (110 U g /cu  m) in a plant m anufacturing fibrous 
g la ss  ta n k s .  P C A , P -K , and  agg lu tina tion  te s ts  were carr ied  out with a "specially 
p repared  isocyanate antigen," not otherwise charac te r ized . Of 12 men with positive 
P-K t e s t s ,  2 show ed  resp ira to ry  responses to  MDI, and 1 had decreased  pulmonary 
fu n c t io n ;  p u lm o n a ry  fu n c t io n  t e s t i n g  w as reco m m en d ed  for 2 o thers  to evaluate  
th e ir  s ta tus. The o ther seven showed no evidence of adverse reactions to  MDI, and 
th e  a u th o rs  c o n s id e re d  th e m  "h a rd e n e d "  to  its  e f fec ts .  F o rty  workers who gave 
p o s i t iv e  re su l ts  only in the PCA or agglutination te s ts  were also asym ptom atic . It 
is p o ss ib le ,  as  th e  authors suggested, th a t  certa in  workers giving positive te s ts  for 
a n t ib o d ie s  w ere  im m u n o lo g ic a l ly  "h a rd e n e d "  to  th e  e f fe c ts  of MDI and th a t  the 
c i r c u la t in g  IgG a n t ib o d ie s  t h a t  m ig h t  be in d i c a te d  by p o s i t iv e  PCA te s ts  were
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in v o lv ed  in c o n fe r r in g  such  im m u n o lo g ic  p r o t e c t i o n .  H o w e v e r ,  t h e  inadequate 
c h a r a c t e r i z a t i o n  of the antigen used in testing makes it d ifficu lt to de term ine  the 
validity of these results.

To evaluate  whether the difficulty  in detecting  diisocyanate antibodies might be 
due to  nonavailability of exposed hapten groups in the antigen, Karol e t  al [ 62 ] ,  in 
a 1978 s tu d y ,  u sed  a  c o n ju g a te  of p - to ly l  isocyana te  with human serum albumin 
(TMI-HSA) as a  t e s t  a n t ig e n .  B ec a u se  i t  con ta ined  only one isocyanate  group on 
e a c h  m o le c u le ,  th is  m onoisocyanate would not cross-link the  protein  component of 
th e  a n t ig e n ,  increasing the  probability th a t  the tolyl portion of the molecule would 
be s t e r i c a l l y  e x p o sed .  The au thors  te s ted  23 employees of a  large TDI production 
f a c i l i t y ,  4 of whom w ere  considered sensitized to  TDI. Three of these had had a 
s e n s i t i v i ty  re sp o n se ,  e i t h e r  b ro n c h ia l  or sk in  r e a c t io n ,  within 1 year before the 
s tu d y ;  th e  fourth had avoided exposure to TDI for a t  leas t  2 years. The remaining 
19 w o rk e rs  w e re  c o n s id e re d  u n s e n s i t i z e d  because they showed no adverse e f fec ts  
w hen e x p o sed  to  TDI; in  som e  c a s e s ,  th is  ju d g m e n t  w as confirm ed by negative 
results in challenge te s ts  with TDI a t  20 ppb (140 y g /c u  m).

A radioimmunoassay for IgE bound to TMI-HSA showed th a t  the  19 unsensitized 
w o r k e r s  had  a n t ib o d y  t i t e r s  s im i la r  to  th o se  of 10 b lo o d -b la n k  donors  [ 6 2 ] .  
H o w ev er ,  th e  s e n s i t i z e d  g roup  show ed  a s ignificantly  e leva ted  t i te r  of anti-to lyl 
a n t ib o d ie s  (P<0.01). The th r e e  w orkers  who had had TDI reac tions  within the last 
y e a r  had  a n t ib o d y  t i te r s  higher than any of the unsensitized or control individuals. 
S e ru m -b in d in g  to  th e  a n t ig e n  was inhibited in the presence of nonisocyanate tolyl 
com p o u n d s ,  suggesting to  the authors th a t  the antibodies were toly 1-specific. There 
was no c o r re la t io n  betw een the to lyl-specific IgE antibodies and the levels of to ta l  
IgE in the  sera.

The h ig h e s t  t i t e r  of to ly l - s p e c if ic  IgE antibodies was found in a worker with 
a c u t e  p u lm o n a ry  s e n s i t i v i ty  to  TDI [ 6 2 ] ,  He responded to  a bronchial challenge 
w ith  TDI a t  6 ppb (40 y g /c u  m). The other two workers with high antibody t i te rs  
r e a c te d  to  TDI exposure with im m ediate  skin reactions, not confined to  the a rea  of 
c o n t a c t  w i th  TD I. The a u th o r s  c o n c lu d e d  t h a t  t h e i r  f in d in g s  s u p p o r te d  th e  
h y p o t h e s i s  t h a t  an  I g E - m e d i a t e d  im m u n o lo g ic  m e c h a n ism  is re s p o n s ib le  fo r  
hypersensitivity to  TDI.

O th e r  s tu d ie s ,  ho w ev er ,  have indicated th a t  a pharmacodynamic mechanism is 
a lso  invo lved .  B u tc h e r  e t  al [6 3 ]  investigated the  possible role of pharmacologic 
m e d ia to r s  in th e  b ro n c h ia l  response  to TDI exposure. To de term ine  w hether TDI 
induced  n o n s p e c i f ic  h i s ta m in e  r e l e a s e ,  th e y  m easured spectrophotom etrically  the 
h is ta m in e  r e le a s e d  f ro m  le u k o c y te s  of 18 sensitive and 7 nonsensitive workers in 
re sp o n se  to TDI-HSA or HSA alone a t  0.1-10 yg /m l for 40 minutes. The e f fe c t  of 
TDI on b e t a - a d r e n e r g i c  r e c e p to r s  w as e x a m in e d  by incubating lymphocytes from 
t h e s e  w o r k e r s  w i th  10-150 yM  TDI in th e  p r e s e n c e  of i s o p r o te r e n o l ,  w hich  
s t im u la t e s  th e  b e t a - a d r e n e r g i c  s y s te m ,  as indicated by an increase in cyclic 3,5- 
a d e n o s i n e  m o n o p h o s p h a t e  (A M P ).  C y c l i c  AMP le v e ls  w e re  m e a s u re d  by a 
radioimmunoassay technique. The FEV l's of 10 clinically sensitized  workers and 10
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w o r k e r s  w i th o u t  sy m p to m s  w e re  a lso  m e a s u re d  b e f o r e  and  a f t e r  e x p o s u re  to  
m ech o ly l  ( a c e ty l - b e t a - m e t h y lc h o l in e )  a t  25 m g /m l f ro m  a  nebulizer to  evaluate  
bronchial reac tiv i ty .

In c u b a t io n  w ith  TD I-HSA  c o n ju g a te  did n o t  c a u s e  h i s ta m in e  r e l e a s e  from 
le u k o c y te s  o b ta in e d  f ro m  s e n s i t iv e  or n o n s e n s i t iv e  s u b je c t s  [ 6 3 ] .  Incubating  
ly m p h o c y te s  f ro m  s e n s i t iv e  and  n o n se n s i t iv e  workers with TDI in the  absence of 
i s o p ro te re n o l  did no t a f f e c t  c y c l ic  AMP le v e ls .  T h e re  w as a d o s e -d e p e n d e n t  
in h ib i t io n  of i s o p ro te re n o l - s t im u la te d  cyclic AMP levels in lymphocytes from both 
sensitive and nonsensitive subjects; the re  was no significant d ifference in the ability 
of cells from these two groups to  exhibit cyclic AMP stim ulation.

In th e  m ech o ly l  c h a l le n g e  s tu d ie s ,  6 of th e  10 c l in ic a l ly  sensitive subjects 
show ed  a  drop in FEV 1 o f  m o re  th a n  20% w ith in  1.5 m in u te s  a f t e r  a single  
in h a la t io n  o f  m echoly l [ 6 3 ] .  Only 1 of the 10 nonsensitized subjects gave such a 
response, and this occurred 5 minutes a f te r  inhaling mecholyl four tim es.

This s tudy  [6 3 ]  indicates th a t  TDI is not a histamine re leaser per se but tha t 
it  does  su p p re ss  stim ulation of the be ta-adrenerg ic  system by isoproterenol. These 
r e s u l t s  a g r e e  w ith  th o se  of a  similar study by Van E rt and Battigelli [6 4 ]  on the 
e f f e c t s  of TDI on h i s ta m in e  re le a se  in vitro. Butcher e t  al [6 3 ]  concluded th a t  
th e i r  f in d in g s  suggested th a t  TDI may ac t  as a  b e ta - recep to r  blocking agent. This 
w ould  produce increased reac tiv i ty  to  agents capable of causing bronchoconstriction, 
such  as  m e c h o ly l .  In a  fo l low up  r e p o r te d  in tw o  1978 a b s trac ts  [6 5 ,6 6 ] ,  blood 
t e s t i n g  a f t e r  c h a l le n g e  e x p o su re s  to  TDI show ed  th a t  histam ine levels increased 
a f t e r  a  b ro n c h ia l  r e a c t i o n ,  w h ile  com plem en t components were not a f fec ted .  In 
th is  s tu d y ,  a l l  TDI r e a c t o r s  r e a c t e d  p o s i t iv e ly  to  m e c h o ly l  c h a l le n g e ,  and the 
a u th o r s  [ 6 5 ]  n o te d  th a t  k ine tic  studies had revealed a strong indication th a t  cells 
f ro m  TDI r e a c t o r s  re sp o n d  d i f f e r e n t ly  th a n  th o s e  of n o n r e a c to r s  to  th e  be ta-  
adrenergic  agonists isoproterenol and prostaglandin E, and to  TDI added alone.

T hese  s tu d ie s  [ 6 3 - 6 6 ]  suggest th a t  a pharmacologic mechanism is involved in 
r e s p i r a t o r y  s e n s i t i v i t y  to  TDI, b u t  t h e r e  is no in d ic a t io n  w h e th e r  m e ch o ly l  
hyperreactiv ity  is a preexisting fa c to r  or a result of TDI exposure.

(c) Skin Effec ts

Some diisocyanates have been described as skin i r r i tan ts  [6 7 ,6 8 ] ,  but th e re  are  
few  r e p o r t s  in th e  l i t e r a t u r e  of sk in  e f fec ts  from these compounds. Munn [3 5 ]  
has  n o te d  t h a t ,  in several years of study, he has seen only tw o mild cases of skin 
i r r i t a t i o n  f ro m  d i i s o c y a n a te s  and  no c a s e s  o f  skin sensitization . Bruckner e t  al 
[ 5 2 ]  r e p o r t e d  th a t  6 of 44 workers in a chem ical p lant experienced skin ir r i ta tion  
a t t r i b u t e d  to  e x p o s u re  to  u n sp ec if ied  diisocyanates. These reactions consisted of 
e r y th e m a  only  on areas  of skin th a t  were in ac tua l c o n tac t  with the diisocyanates. 
O ne w o rk e r  who o f t e n  had  d i i s o c y a n a te s  on his hands  n o te d  t h a t  his skin had 
become hard and smooth, so th a t  he had difficulty  in turning pages.
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Possib le skin sensitiza tion  to  TDI was described in tw o of the studies discussed
in th e  p rev io u s  section. Nava e t  al [5 3 ]  reported  th a t  a worker with eczem atous
d e r m a t i t i s  was 1 of 3 w orkers  who reac ted  positively to  TDI in a  pa tch  te s t ,  out 
of 182 w orkers  tested . Karol e t  al [6 2 ]  found to lyl-specific  IgE antibodies in two 
w o rk e rs  who d is p la y e d  im m e d ia te  skin reactions when exposed to TDI, apparently  
w ith o u t a  bronchial response. These skin reactions were extensive and not confined 
to  areas where TDI had con tac ted  the skin.

Rothe [ 6 9 ] ,  in 1976, described 20 cases of occupational skin disease in workers 
ex p o sed  to  p o ly u re th a n e s .  Clinical examinations, observation of the  course of the 
d is e a s e ,  r e e x p o s u re  t e s t s ,  and  sk in  t e s t s  were carr ied  out. Standard and special 
t e s t s  using  a  v a r ie ty  of isocyanates, amines, and additives were used to  determ ine
the specific sensitivity  of the workers.

R o th e  [ 6 9 ]  found  12 c a s e s  of c o n t a c t  e c z e m a  c h a r a c t e r i z e d  by follicular 
p ap u le s  in w o rk e rs  e x p o s e d  to  MDI or p a r t i a l ly  polym erized MDI. Ten of these 
c o n s t i tu te d  more than half the  to ta l  number of workers who had come into con tac t  
w ith  a  p o ly u re th a n e  s e a l in g  co m p o u n d  a t  one  plant, and two w ere from another 
p la n t .  S e v e ra l  in s p e c t io n s  showed th a t  the re  was very close co n tac t  betw een the 
w o rk e rs ’ sk in  and  th e  se a l in g  com pound . Work c lo th e s  were o f ten  soaked with 
re s in .  The workers had positive skin te s t  reactions to  the isocyanate  component of 
th e  se a l in g  co m p o u n d . T w e n ty - f iv e  unexposed persons with eczem a had negative 
r e s u l t s .  F iv e  of se v e n  w o rk e rs  w ith  MDI a l le r g ie s  e x h ib i te d  ty p ic a l  e c z e m a  
r e a c t io n s  to  d iam inodiphenyl m ethane (MDA). Only one of these had had previous 
con tac t  with the  MDA, which was not used a t the plant.

F o u r  s im i la r  c a s e s  o f  e c z e m a  w e re  se e n  in w o rk e rs  exposed  to  isophorone 
d i i s o c y a n a te  (IPDI) [ 6 9 ] .  A 1-hour e x p o su re  c a u s e d  eczem a in th ree  of them. 
One w o rk er  had  had  p re v io u s  c o n t a c t  w ith  IPDI, b u t  th e  o th e r  t h r e e  had had 
c o n t a c t  only  w ith  TDI and  MDI, su g g e s t in g  c r o s s - s e n s i t i z a t i o n .  Skin d ise a se  
d is a p p e a re d  in a ll  fo u r  p e rso n s  s e n s i t i z e d  to  IPDI a f t e r  e x p o s u re  was stopped. 
T h re e  o f  th e  i n v e s t ig a to r s  te s ted  themselves with undiluted IPDI and no reactions 
o c c u r r e d  w ith in  4 days  [ 6 9 ] .  However, two of the  th ree  investigators  developed 
fo l l ic u la r  p a p u le s  10 days  a f t e r  t e s t i n g .  Sensitization in these investigators  was 
c o n f i rm e d  in a  l a t e r  te s t  with a 1% IPDI solution, which produced no reactions in 
six nonexposed subjects.

The o th e r  fo u r  p a t i e n t s  with skin disease included two cases of eczem a from 
TDI exposure, one case with exposure mainly to  TDI but also to MDI, and one case 
o f  e c z e m a  probably re la ted  to  exposure to triphenylm ethane tr i isocyanate  [ 6 9 ] .  In 
a l l  20 c a s e s  th e r e  was a p a t te rn  of brief exposure to  the isocyanate , o f ten  caused 
by spills, with subsequent development of eczem a. In most cases, sensitization  was 
c o n f i rm e d  by s k in - t e s t in g  with a dilute solution of the  isocyanate  suspected to  be 
the agent.
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UU O ther Effec ts

A lthough  m o s t  r e p o r t s  of d iisocyanate  toxicity  have described e f fe c ts  on the 
r e s p i r a to r y  t r a c t  or skin, some have noted o ther e ffec ts .  These have included eye 
ir r i ta t io n ,  psychologic symptom s and CNS e f fec ts ,  and hem atologic changes. Most of 
th e s e  e f f e c t s  have  o c c u r r e d  following mixed exposures to  diisocyanates and other 
c h e m i c a l s ,  a n d  s u c h  e f f e c t s  c a n n o t  be c l e a r ly  a s c r ib e d  to  th e  d i i s o c y a n a te  
exposures.

S e v e ra l  s tu d ie s  hav e  s u g g e s te d  t h a t  TDI, e s p e c ia l ly  a t  v e ry  high exposure 
le v e ls ,  m ay c a u s e  n e u ro lo g ic  or CNS e f f e c t s .  In t h e  f i r s t  published report of 
o c c u p a t io n a l  illness from TDI exposure, Fuchs and Valade [2 1 ]  noted th a t  insomnia 
was o f t e n  th e  f i r s t  c o m p la in t  o f  a f f e c t e d  w o rk e rs ,  p re c e d in g  any  r e s p i r a to r y  
sy m p to m s.  T hey  a lso  m e n t io n e d  th a t  th ree  patien ts  had a  decrease  of the  knee- 
je rk  and  A c h il le s  r e f l e x e s .  In one pa tien t,  who com plete ly  lacked these reflexes, 
th e  c o n d i t io n  p e r s i s t e d  fo r  2 months a f te r  he stopped working with TDI and then 
a b ru p t ly  r e tu r n e d  to  n o rm a l .  In th e  a b s e n c e  of o ther  signs of exposure-re la ted  
n e rv o u s  d is o rd e rs ,  th e  a u th o r s  did no t  specifically im plicate  TDI as the  cause of 
this condition.

A 1964 USSR study [7 0 ]  investigated  the e f fe c ts  of TDI on e lec tr ica l  ac t iv ity  
in th e  human cerebra l co r tex . No experim ental deta ils  w ere reported , but TDI was 
sa id  to  a f f e c t  e le c tro en c ep h a lo g ra p h ic  (EEG) rhythm s a t  a  threshold concen tra tion  
o f  100 U g /cu  m (14 ppb). This s tu d y  w as n o t  in c lu d e d  in th e  1973 c r i t e r i a  
d o c u m e n t  on TDI [ 3 7 ] .  L i t t le  can be made of these results  in the  absence of any 
in fo rm a t io n  on experim ental methods, but the im plication of CNS e f fe c ts  a t  a such 
a  low concentra tion  suggests th a t  such e f fec ts  should be more carefully  evaluated.

In 1965, a  C anad ian  report [7 1 ]  indicated th a t  12 of 24 m ain tenance workers 
d e v e l o p e d  r e s p i r a t o r y  s y m p t o m s  a f t e r  t h e y  had  c l e a n e d  p ip e s  and  v e s se ls  
c o n ta m in a te d  w ith  TDI. In a d d i t io n ,  fo u r  of t h e  workers developed psychologic 
problem s, including anxiety  neuroses, psychosomatic complaints, depression, and even 
p a ra n o id  te n d e n c ie s .  A year a f te r  exposure, they had not re tu rned  to  work; some 
s t i l l  c o m p la in e d  of cough  and  d i f f i c u l ty  in b r e a th in g ,  a lthough  the ir  pulmonary 
fu n c t io n  t e s t s  w ere normal. This report suggests the  possibility th a t  TDI produces 
CNS e f f e c t s ;  c le a n in g  p ro c e s s e s ,  h o w e v e r ,  inv o lv e  th e  use of solvents to  which 
th e s e  CNS e f f e c t s  m ig h t  be a t tr ibu ted .  This report  did not detail the  procedures 
or solvents used in cleaning the  TD I-contam inated vessels.

B u r to n  [ 7 2 ] ,  r e v ie w in g  O n ta r io  w o rk m en 's  c o m p e n s a t io n  c la im s  in 1972, 
m e n t io n e d  an in c id e n t  of TDI e x p o s u re  in a rubber plant. One of th ree  women 
e m p lo y e e s  who d e v e lo p e d  chronic obstructive lung disease a f te r  an acu te  exposure 
to  TDI also had a  "psychogenic problem," not otherwise described.

Le Q uesne  e t  a l [7 3 ]  and Axford e t al [7 4 ]  reported  neurologic, respiratory , 
and  g a s t r o i n t e s t i n a l  e f f e c t s  in men massively exposed to TDI while fighting a  fire  
in a  polyurethane foam fac to ry . Two large tanks of TDI developed leaks during the
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f i r e ,  and s e v e r a l  m en  who a t t e m p t e d  to  close the leaking valves and fought the 
f i r e  o r  who la te r  removed the  hoses and cleaned up the  a rea  were heavily exposed 
to  TDI liquid and vapor, the ir  clothing and shoes becoming soaked with it.

Of 35 men in terview ed a f te r  the fire , 25 had experienced ir r i ta t io n  of the  eyes 
and  upp er  r e s p i r a t o r y  t r a c t  du r ing  th e  f i r e  and 14 of these also coughed or had 
d i f f i c u l ty  in b r e a th in g  [ 7 4 ] .  S e v e n te e n  o th e r s  r e p o r te d  similar symptoms tha t 
d e v e lo p e d  only  8 hours  o r  m o re  a f t e r  th e  fire . A fte r  4 years, according to  the 
a u th o rs ,  15 m en  show ed  som e  evidence of long-term resp ira tory  damage. F if teen  
of the  35 men also experienced nausea or vomiting during or a f te r  the  fire.

A t o t a l  o f  23 of th e  35 men complained of neurologic symptoms, including a 
fe e l in g  of drunkenness, numbness, or loss of balance during the  f ire  and subsequent 
i n a b i l i t y  t o  c o n c e n t r a t e ,  lo ss  o f  m e m o ry ,  h e a d a c h e ,  i r r i t a b i l i t y ,  co n fu s io n ,  
d e p re s s io n ,  t e m p o r a r y  im p o ten ce ,  d ifficulty  with balance, and tingling, burning, or 
n u m b n ess  o f  th e  skin  [ 7 3 ] .  N e u ro lo g ic  exam ination showed slight a tax ia  in six, 
and  EEG's w e re  e s s e n t i a l ly  n o rm a l .  Some of th e  com pla in ts ,  especially loss of 
m e m o ry ,  p e r s i s t e d  up to  4 y e a r s  a f t e r  th e  fire .  T h ir teen  of the men who were 
c o n s id e re d  s t i l l  c l in ic a l ly  a f f e c t e d  a t  this tim e had a  significantly lower memory 
q u o t i e n t  (P<0.02) than  did a  control group of 15 firem en who had not been exposed 
to  TDI.

Le Q uesne  e t  a l [ 7 3 ]  w e re  c o n v in c e d  th a t  the com plaints of the  men were 
r e a l  and the result of exposure to TDI. O ther chem icals in the plant were present 
in m uch  sm aller  quantities , and the authors noted th a t  none of them  was known to 
p ro d u c e  th e  o b s e rv e d  sy m p to m s .  They p o in te d  o u t  t h a t  to x ic  combinations or 
b reak d o w n  p ro d u c ts  m ig h t  h av e  developed during the  f ire  but added th a t  some of 
th e  a f f e c t e d  m en  w e re  in v o lv ed  only in cleanup operations the  morning a f te r  the 
f i r e .  N e v e r th e le s s ,  it is not unequivocal th a t  the  e f fec ts  reported  were caused by 
TDI.

In a 1962 report,  F ila tova e t  al [7 5 ]  described the e f fe c ts  of mixed exposures 
to  TDI, c h lo ro b e n z e n e ,  p h o sg e n e ,  to lu e n e  d ia m in e ,  and  HDI on 63 men and 17 
w om en  who had  m a n u fa c tu re d  diisocyanates for 1-2 years. These e f fe c ts  included 
i r r i t a t i o n  of t h e  e y e s ,  nose, and skin, coughing, d ifficulty  in breathing, headaches, 
i n s o m n i a ,  w e a k n e s s ,  t r e m o r s ,  r e f le x  c h a n g e s ,  and  c h e s t  and  a b d o m in a l  pa in . 
H e m a to lo g ic  t e s t s  show ed  d e c r e a s e s  in eo s in o p h i ls  and  n e u t ro p h i l s ,  and  som e 
w o rk e rs  had  s l ig h t ly  e n la rg e d  l iv e r s  w ith  no functional im pairm ent. The authors 
co n c lu d e d  t h a t  th e  su b s tan ces  produced during diisocyanate production were toxic, 
b u t  th e y  cou ld  no t  a t t r i b u t e  th e  sy m p to m s  to  TDI alone, since o ther  compounds 
th a t  were present could have produced similar e ffec ts .

The e f f e c t s  of occupational exposure to HDI and several o ther  chem icals were 
d e s c r ib e d  in a 1968 r e p o r t  by F ila tova e t al [76 ]  on 68 men and 14 women who 
m a n u fa c tu r e d  th e  co m p o u n d . S ix ty - th r e e  of these workers (21-50 years old) had 
w orked  in th e  p la n t  fo r  5 y e a r s  o r  m o re .  All the  workers rece ived  a  com plete  
m e d ic a l  e x a m in a t io n  in c lu d in g  seve ra l  biochemical and clinical te s ts .  Personal air
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sa m p le s  g e n e ra l ly  show ed  100 u g / c u  m (14 ppb) or less of HDI, 0.5 m g/cu m or 
l e s s  o f  p h o s g e n e ,  a n d  1 .2 - 8  m g / c u  m o f  c h l o r o b e n z e n e .  O n ly  t h e  HDI 
concentrations w ere said to  be in excess of the MAC.

Thirty-tw o workers complained of headaches, 36 of increased perspiration, 20 of 
a c h e s  in th e  a r e a  of the hea r t  and under the right ribs, 13 of dream  disturbances, 
12 of d iff icu lty  in breathing, 19 of general weakness, and 6 of coughing [ 7 6 ] .  All 
w o rk e rs  r e p o r t e d  t h a t  HDI v ap o r  ir r i ta te d  their eyes and upper resp iratory  t r a c t .  
N in e te e n  w o rk e rs ,  who had  w o rk ed  in th e  p la n t  fo r  7-13 y e a r s ,  had developed 
s l ig h t ly  e n la rg e d  l iv e r s  t h a t  w e re  painful upon palpation. Duodenal sampling and 
blood bilirubin and cholesterol analyses revealed no hepatic  lesions. Most of the  55 
w o rk e rs  e x a m in e d  fo r  l iv e r  ab n o rm a li t ie s  showed hypocholesterem ia, indicating to  
th e  a u th o rs  an  e a r ly  s t a g e  o f  d i s tu rb a n c e  of l iv e r  function. Most workers also 
showed abnorm alities in blood proteins and serum cholinesterase ac tiv ity .

A pprox im ate ly  50% of the exam ined workers had developed chronic subatrophic 
p h a ry n g i t is  w i th o u t  any  p a th o lo g ic  c h a n g e s  in th e  lungs [ 7 6 ] .  E ffec ts  on the 
c a rd io v a s c u la r  system were seen in 47 workers, 27-40 years old, more than half of 
whom had s inus a r h y th m ia ,  b r a d y c a rd ia ,  e x t r a s y s to l e ,  and slowing of endoatrial 
c o n d u c t iv i ty  indicative of toxic myocardiodystrophy. Some workers had trem ors  of 
the fingers and eyelids and increased  muscular excitability .

Filatova e t al [7 6 ]  concluded th a t  the adverse e f fec ts  on workers' health  were 
p ro d u c e d  by a m ix tu re  of to x ic  com pounds  whose main component was HDI. No 
o th e r  r e p o r t s  of h e p a t o to x ic i t y  or ca rd iovascu la r  e f fec ts  in diisocyanate workers 
hav e  b een  found . It should be noted th a t  chlorobenzene is a hepatotoxin th a t  has 
r e p o r te d ly  c a u s e d  h e p a t i c  necrosis in animals a t  high doses [7 7 ]  and produced an 
increase in liver weight in ra ts  inhaling 1,150 m g/cu m for 6 months [ 7 8 ] .

Epidemiologic Studies

S tu d ie s  o f  w o rk e r  p o p u la t io n s  e x p o se d  to  TDI h av e  r e l a t e d  e n v iro n m en ta l  
ex p o su re  le v e ls  to  th e  inc idence  and severity  of resp ira tory  symptom s, changes in 
p u lm o n a ry  fu n c t io n ,  and immunologic reac tiv ity .  Investigations of workers exposed 
to  MDI and  HDI h av e  g e n e ra l ly  p ro v id e d  le s s  u se fu l  da ta  because they involved 
mixed exposures to  several o ther  toxic chemicals.

In 1957, H am a e t  a l [ 7 9 ]  r e p o r t e d  t h a t  12 workers exposed to  isocyanates 
(TDI) a t  30-70  ppb (210-500 u g /c u  m) for 1 week in an automobile plant had mild 
to  s e v e re  r e s p i r a to r y  symptoms including cold symptoms, continuous coughing, sore 
th r o a t ,  dyspnea, fa tigue, and nocturnal sweating. No symptoms had developed during 
th e  p rev io u s  m o n th  w hen  is o c y a n a te  concentrations were below 10 ppb (70 Ug/cu 
m), and when concentrations w ere subsequently reduced to  the  10-30 ppb range (70- 
210  u g / c u  m), no f u r th e r  c o m p la in t s  o c c u r r e d  in o v e r  3 m o n th s .  A w r i t t e n  
c o m m u n ic a t io n  from  Hama (3une 1973) confirm ed th a t  the isocyanate  was TDI and 
in d ic a te d  t h a t  e x p o s u re  concen tra tion  m easurem ents  were based on breathing-zone

39



sa m p le s  a n a ly z e d  by th e  R a n ta  m e th o d .  This m e th o d  is u n a b le  to  distinguish 
b e t w e e n  TDI and  th e  TDI u r e a  fo rm e d  in t h e  p r e s e n c e  o f  w a te r .  Thus, th e  
concentrations of TDI in the a rea  were probably less than  the reported  values.

A d e t a i l e d  2 .5 -y e a r  s tu d y  by W alw orth  and Virchow [3 1 ]  of a  polyurethane 
foam  p la n t  w as p u b lish ed  in 1959. TDI concentrations ranged as high as 300 ppb 
(2 ,200 y g / c u  m), but monthly averages were generally below 150 ppb (1,100 y g /c u  
m). E ig h ty - th r e e  cases  of resp ira tory  illness th a t  required m edical a t te n t io n  were 
a t t r i b u t e d  to  TDI e x p o su re ;  m o s t  of them  occurred  a f te r  3-4 weeks of exposure. 
The t o t a l  n u m b e r  of w o rk e rs  a t  r isk  w as no t  repo rted .  The authors noted tha t 
t h e r e  w a s  l i t t l e  c o r r e l a t i o n  b e tw e e n  m e a su re d  TDI c o n c e n t r a t i o n s  and  th e  
a p p e a ra n c e  of resp ira tory  symptoms. They a t tr ib u ted  this largely to  short exposures 
a t  high c o n c e n t r a t i o n s  n o t  r e f l e c t e d  in th e  m easu rem en ts  of average exposures. 
They added th a t  once workers experienced adverse e f fec ts  from TDI they could not 
to le ra te  even minute exposures.

In 1964, to x ic  e f f e c t s  from TDI in workers in th ree  New Zealand plants were 
reported  [ 8 0 ] .  At one plant, where usual TDI concen tra tions  ranged from 3 to  120 
ppb (20-850 y g / c u  m), th ree  cases of resp iratory  sensitiza tion  occurred in 1 year. 
In tw o  of th e s e  w o rk e rs ,  sy m p to m s  firs t  appeared a f te r  2-3 hours of pouring TDI 
in s ide  a r e f r i g e r a t e d  van ,  w h e re  u n u su a lly  high concentra tions  were likely. The 
th i rd  w o rk e r ,  w hose s y m p to m s  d e v e lo p e d  g ra d u a l ly ,  could work 50-60 fe e t  away 
f ro m  th e  foaming operation , where TDI concentra tions  were about 5 ppb (35 y g /c u  
m), bu t  he had a  resp iratory  reac tion  when he worked within the foaming area . In 
a s im i la r  p la n t ,  w h e re  TDI c o n c e n t r a t io n s  were usually below 20 ppb (140 y g /c u  
m ), t h e r e  w e r e  tw o  c a s e s  o f  m ild  co ld  sy m p to m s  and  one  c a s e  of p o ss ib le  
s e n s i t i z a t i o n ,  a l l  a s s o c i a t e d  w ith  a  fo am in g  o p e r a t io n  in w hich  co n ce n tra t io n s  
r e a c h e d  100 ppb (700 y g / c u  m). This p la n t  also reported  one case of a  severe 
a s th m a t i c  a t t a c k  and  c o l la p s e  in a  worker exposed a t  a very high concentra tion . 
He s u b se q u e n t ly  r e tu r n e d  to  work with no evidence of sensitization. In the third 
p la n t ,  tw o  w o rk e rs  exposed to  TDI a t  18 ppb (130 y g /c u  m) wearing can is te r- type  
m asks  e x p e r i e n c e d  v e ry  mild cold symptoms a t  the  end of the  day when a double 
run was carr ied  out. The to ta l  workforce a t  risk in these plants was not reported.

In 1962, Elkins e t  al [3 2 ]  described experiences with TDI in 15 M assachusetts 
p la n ts  o v e r  a 5 -y e a r  p e r io d .  T hey  e v a lu a te d  th e  c a s e s  of r e s p i r a t o r y  i l ln e s s  
o c c u r r in g  in e a c h  o f  th e  plants and made environm ental m easurem ents, apparently  
f ro m  a r e a  s a m p le s .  M ost o f  th e  s a m p le s  w ere analyzed by the  Marcali method. 
The R a n ta  m e th o d  w as used for some of the early m easurem ents  and found to  be 
le ss  a c c u r a t e ,  bu t  th e  authors did not indicate  which m easurem ents  were made by 
this method. O ther methods used in a few  plants reportedly  gave results  com parable 
to  the Marcali method. The findings of Elkins and coworkers, as adap ted  by NIOSH 
to  p r e s e n t  w h a t  w e r e  c o n s i d e r e d  to  be  r e l e v a n t  d o s e - re s p o n s e  d a t a ,  w e re  
s u m m a r iz e d  in the  1973 TDI c r i te r ia  document [ 3 7 ] ,  and are  shown in Table III-2. 
This t a b le  o m i ts  data  from plants where environm ental levels were not determ ined 
or w h e re  th e  a u th o rs  considered  th a t  these m easurem ents  were not rep resen ta tive  
of e x p o su re .  The numbers given for workers a t  risk a re  probably som ew hat higher
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TABLE III-2

SUMMARY OF DOSE-RESPONSE DATA OF ELKINS ET AL [3 2 ]

Plant D ate
No. of 
Tests

Concentra tion  (ppb) 

Maximum Average

Established
Respiratory

Cases

Questionable
R esp ira to ry

Cases

Max. No. 
Workers 

a t Risk

2 1/58 8 10 8 3 50
2 12/58 6 <10 5 0 0 50
2 12/60 6 50 40 14 25 100*

2 1/61 9 30 10
2 6/61 6 20 8 3 2 50
2 1/62 6 14 8

3 1958 4 20 10 0 0 25**
3 1961 8 15 7 0 0 25

4 1959 4 20 10 1 3 40
4 1961 5 1 0.6 0 0 40
4 1961 0 4

5 1959 4 20 15

6 1961 28 70 15 3 0 40

9 1961 3 8 6 0 0 4

12 1962 6 - 9 0 1 6

13 1962 4 - 0 0 1 20

14 1962 6 - 0 0 0 20

♦Additional company analyses verify th a t  air levels were high
**The workers wore respirators, which probably indicates acu te  ir r i ta tion
***Some workers had been tran sfe r red  a f te r  complaints

Adapted from reference  37
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th a n  th e  a c t u a l  n u m b e rs  exposed to TDI, which could not be determ ined from the 
paper.

E lk ins e t  a l [ 3 2 ]  found  a t o t a l  of 42 established cases and 73 questionable 
c a s e s  of r e s p i r a to r y  i l ln e s s  a s s o c ia t e d  with TDI exposure. Concentra tions higher 
th a n  20 ppb (140 y g /c u  m) were m easured in only th ree  plants. From the data  in 
T ab le  III-2, i t  can be seen th a t  cases of respiratory  illness were associa ted  with all 
e x p o su re  c o n c e n t r a t io n s  above 10 ppb (70 y g /c u  m), but the re  w ere no cases a t  7 
ppb (50 y g / c u  m) o r  lo w e r .  A t 9 ppb th e r e  w e re  no established cases but one 
q u e s t io n a b le  one; t h e r e  w e re  s e v e r a l  e s ta b l i s h e d  c a s e s  a t  8 ppb. The a u th o rs  
concluded  th a t  the environm ental limit for TDI should be considerably less than 100 
ppb (700 y g / c u  m), and  th e y  s u g g e s te d  t h a t  10 ppb (70 y g /c u  m) was "not an 
unreasonable limit."

While th e  d a t a  of E lk ins  e t  a l [ 3 2 ]  a p p e a r  to  in d i c a te  t h a t  av e rag e  TDI 
c o n c e n t r a t i o n s  a b o v e  10 ppb a r e  a s s o c ia t e d  w ith  r e s p i r a t o r y  i l ln e s s ,  the re  are  
s e v e ra l  p ro b lem s  in in te rp re t in g  these findings. Almost no inform ation is available 
on e x t r e m e s  o f  e x p o s u re ,  s in c e  th e  m ax im um  concen tra tions  given a re  based on 
i n t e r m i t t e n t  and  in f r e q u e n t  sampling. The low values m easured in each  plant are  
n o t  g iven , nor a r e  t h e r e  any  d a t a  in d ic a t in g  th e  a c t u a l  e x p o s u re s  of a f fe c te d  
w o rk e rs .  In add ition , th e re  a re  a  number of uncerta in ties  about the validity of the 
m e asu re m en ts .  The authors did not indicate which values were based on the  R anta  
m e th o d ,  w hich  th e y  c o n c e d e d  to  be le ss  s e n s i t iv e  than the o ther methods used. 
D a ta  in th e  paper  ind icated  th a t  some of the m easurem ents  in Plant 2 were based 
on v e ry  short sampling tim es , 3-10 minutes. These sampling tim es were very short 
fo r  th e  low v a lu e s  r e p o r t e d ,  c o n s id e r in g  th e  s e n s i t i v i ty  of both the R an ta  and 
Marcali methods.

Several investigators  have a t te m p te d  to  co rre la te  exposure to  TDI with changes 
in lung  fu n c t io n ,  o f ten  with contrad ic tory  results. In 1963, Gandevia [8 1 ]  reported  
th e  r e su l t s  of pulmonary function testing on employees of a  fac to ry  producing rigid 
polyurethane foam. C oncentra tions  of airborne TDI w ere not determ ined  a t  the  time 
o f  th e  s tu d y ,  b u t  2 w eeks  l a t e r  th e  TDI concen tra tion  in the spraying areas  was 
m e a su re d  a t  900 ppb. F if teen  of 20 men employed in the  TDI a rea  were available 
f o r  p u lm o n a ry  fu n c t io n  t e s t i n g .  O ver  a 3 -w eek  p e r io d ,  th e s e  w o rk e rs  had  a 
s ig n i f i c a n t  d e c r e a s e  in FEV 1 of 0.227 li te r  (P<0.02); the  mean diurnal decrease  of 
0.18 l i t e r  du r in g  a n o rm a l  w ork ing  day was also significant (P<0.05). The author 
n o te d  th a t  values de term ined  on Friday morning w ere significantly lower than those 
on M onday (P<0.01), in d ic a t in g  t h a t  th e  e f f e c t s  w e re  c u m u la t iv e  and com plete  
recovery  did not occur overnight. A dministration of a  bronchodilator on Tuesday of 
t h e  2nd  w eek  p r e v e n te d  th e  da ily  d e c r e a s e  in FEV 1 b u t  did n o t  a f f e c t  th e  
c u m u la t iv e  d e c r e a s e .  E ig h t  m en  who had a  positive reac tion  to  histam ine had a 
l a rg e r  daily decrease in FEV 1 than  did nonreactors (0.310 vs 0.115 liter). Smoking 
s ta tu s  was not significantly re la ted  to  the changes in FEV 1.
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G an d e v ia 's  f in d in g s  [ 8 1 ]  show ed  a decrease of pulmonary function, not fully 
r e v e r s ib le  o v e rn ig h t ,  in w o rk e rs  exposed to TDI. The lim ited  environm ental da ta  
s u g g e s t  t h a t  s o m e  o f  t h e  w o r k e r s  m a y  h a v e  b e e n  e x p o s e d  a t  v e r y  high 
c o n c e n t r a t io n s .  In addition, preexposure baseline values for lung function were not 
d e te rm in e d  and  th e  m e a s u re d  changes  were not com pared with p red ic ted  changes 
due to  ag ing .  I t is the re fo re  difficult to  evaluate  the  significance of the  changes 
reported.

The following year, Williamson [1 7 ]  reported  the results  of pulmonary function 
t e s t i n g  o v e r  a  1 4 -m o n th  p e r io d  on 15 w o rk e rs  in an o p e r a t io n  w here  TDI was 
s e p a r a t e d  f ro m  a  s o lv e n t  by d i s t i l l a t io n .  F req u en t  environm ental m easurem ents  
w e re  m ade  and th e s e  n e v e r  show ed  TDI concen tra tions  above 20 ppb (140 Ug/cu 
m), bu t  a v e r a g e  c o n c e n t r a t i o n s  w ere  not given. One major spill occurred  during 
th e  s tu d y ,  c a u s in g  c o n c e n t r a t i o n s  h igh enough to  perm it de tec tion  of odor, from 
w hich  th e  a u th o r  in f e r r e d  t h a t  th e  c o n c e n t r a t i o n  was a t  leas t  200 ppb, and the 
room was immediately cleared.

All the  workers te s ted  were f ree  of resp ira tory  symptom s [ 1 7 ] .  In four series 
o f  m e a su re m e n ts  of FVC and FEV 1, the only significant change was a  fall in FEV 
1 a t  th e  t im e  of the  second m easurem ent (P<0.01), and subsequent te s ts  showed no 
s ignificant change from baseline FEV 1 values. There was l i t t le  d ifference betw een 
Monday and Friday values; daily changes were not measured. Williamson noted th a t  
an exam ination of the  records of workers who had le f t  the  TDI operation  uncovered 
no e v id e n c e  t h a t  th e  s tu d y  group  had  b e e n  s e l f - s e le c te d  for health  reasons. A 
s u b se q u e n t  s tu d y  of s e n s i t i z e d  w o rk e rs  [ 4 1 ] ,  in c lu d in g  four from this group of 
e m p lo y e e s  who becam e sensitized during the  18 months following this investigation, 
has been described in E ffec ts  on Humans.

A dam s [ 8 2 ,8 3 ]  studied the long-term e f fec ts  of TDI on the health  of workers 
m a n u fa c tu r in g  it in England. A 1970 report [8 2 ]  on pulmonary function testing  of 
175 m en  in a  p la n t  w h e re  TDI concen tra tions  rarely exceeded  20 ppb (140 p g /c u  
m) in d ic a te d  t h a t  d e c r e a s e s  in th e  g roup  m e an  FEV 1 and  FVC o v e r  5 y e a rs  
significantly  exceeded pred ic ted  values. However, new employees also had FVC and 
FEV 1 m e a s u r e m e n t s  be low  p r e d ic t e d  v a lu e s ,  w h ich  w e re  b a se d  on a N o r th  
A m e r ic a n  su rv e y .  When the results from 114 men were exam ined individually, only 
16 (11%) showed a decline in perform ance on pulmonary function te s ts  significantly 
in e x c e s s  o f  p re d ic te d  values; 5 of these had decreases in both FVC and FEV 1, 3 
in FEV 1 o n ly ,  and  8 in FVC on ly . T hese  r e s u l t s  sugges t th a t  the  decrease in 
group  m ean  values was caused by 16 sensitized individuals. Adams pointed out tha t 
th e  v a l id i ty  of th e  d a t a  was questionable, since p red ic ted  values were based on a 
North American population and the ir  relevance to English workers was unknown.

In a s u b se q u e n t  r e p o r t ,  p u b lish e d  in 1975, A dam s [8 3 ]  com pared  the TDI- 
e x p o sed  w o rk e rs  w ith  u n ex p o se d  c o n t ro l  g roups  from  the same geographic area . 
The w o rk e rs  in c lu d e d  in th i s  p a r t  of the study had been exposed to  TDI fo r  1-11 
y e a rs  w i th o u t  adverse  e f fe c ts  on their health. Records of pulmonary function te s ts
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on 180 w o rk e rs  a t two plants during 1964-1972 w ere com pared with values for 608 
c o n t ro l  s u b je c t s  l iv ing  n e a rb y  who had  no co n tac t  with TDI. Pulmonary function 
m e a s u re m e n t s  w e re  m ade  on th e  sa m e  day e a c h  w eek  b e tw e e n  2 and 3 in the 
a f te r n o o n .  R esu l ts  from the s tandard Medical R esearch  Council (MRC) respiratory  
q u e s t io n n a i r e  g iven  to  76 m en  s t i l l  em p lo y e d  a t  the  plants were com pared with 
th o se  from 76 controls who had no con tac t  with TDI but who did similar work a t  a 
nearby chem ical plant.

A rea  c o n c e n t r a t i o n s  of TDI, analyzed by th e  Marcali m ethod, w ere m easured 
a b o u t  250 t im e s  a  w eek  a t  e a c h  p la n t  [ 8 3 ] .  From 1962 to  1965, 21-72% of the 
t e s t s  fo r  airborne TDI in one plant showed concentrations above 50 ppb (360 ug /cu  
m). During 1966-1970, concen tra tions  of TDI exceeded  20 ppb (140 u g /c u  m) in 1- 
4% of th e  t e s t s .  In the second plant, concen tra tions  in 1-8% of the  samples were 
above 20 ppb from 1966 to  1970.

C o m p a r iso n  o f  the pulmonary function data  from 180 workers with those from 
608 c o n t ro l  s u b je c t s  r e v e a le d  th a t  exposure to TDI did not a f f e c t  their FEV 1 or 
FVC v a lu es  [ 8 3 ] .  No s ig n i f i c a n t  d i f f e r e n c e  in resp iratory  symptom s was found 
b e tw e e n  76 curren tly  employed men exposed to TDI and controls. Nine of 76 men 
in th e  c o n t ro l  g roup  had  w h e e z in g ,  c o m p a re d  with only 1 of 76 men exposed to 
TDI.

In th e  second  p a r t  of th e  s tu d y ,  A dam s [ 8 3 ]  exam ined  men who had been 
r e m o v e d  f ro m  th e  TDI p la n ts  b e c a u s e  of r e s p i r a t o r y  sym ptom s such as mild to 
s e v e re  b ro n ch o sp asm  and  d y sp n ea .  A bou t 15% of the  men employed in the TDI 
p la n t  w e re  r e m o v e d  f ro m  th e  p la n ts  in t h e i r  1st y e a r  b e c a u s e  th e y  developed 
r e s p i r a to r y  symptoms. In the 2nd year of em ploym ent, only 3.5% of the  remaining 
w o rk e rs  d e v e lo p e d  r e s p i r a t o r y  s y m p to m s ,  and  th e  ra te  gradually dropped to  less 
th a n  2% /year a f te r  the 5th year, to taling about 20% of the original workforce over 
th e  9 y e a rs  of th e  s tu d y .  In fo rm a t io n  on symptoms in 46 men removed from the 
p la n t ,  who had  no t been  exposed to  TDI for 2-11 years , was co llec ted  annually by 
resp ira to ry  questionnaire and com pared with responses from 46 age-m atched  workers 
no t e x p o se d  to  TDI. T h ese  results were co rre la ted  with the results  of pulmonary 
fu n c t io n  t e s t s .  The d a t a  w e re  ana lyzed  for s ta t is t ic a l  significance by chi-square 
tes t .

D a ta  f ro m  46 c o n t ro l s  and  46 m en  p re v io u s ly  e x p o se d  to  TDI show ed  no 
d i f f e r e n c e s  in  t h e i r  s m o k in g  h a b i t s  [ 8 3 ] .  H o w e v e r ,  17 of th e  46 w o rk e rs  
previously exposed to  TDI developed breathlessness a f te r  exertion, significantly more 
t h a n  t h e  5 m en  in th e  c o n t ro l  g roup  w ith  th is  sy m p to m  (P<0.01). W heezing  
o c c u r r e d  in 17 w o rk e rs  b u t  only  in 7 con tro ls  (P<0.05). These findings indicated 
t h a t  r e s p i r a to r y  s y m p to m s  p e r s i s t e d  in som e subjects a f te r  exposure to  TDI had 
ceased.

Pulmonary function da ta  for 61 men who had had no co n tac t  with TDI for 2-11 
y e a rs  show ed t h a t  t h e i r  a v e r a g e  FVC and FEV 1 values w ere slightly lower than 
con tro l values a f te r  ad justm ent for age and height [ 8 3 ] .  Eleven of the  20 workers
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who had  b een  re m o v e d  from the  plants because of sensitiza tion  to  TDI and whose 
p r e e m p lo y m e n t  lung fu n c t io n  records were available were asym ptom atic  a f te r  3-8 
y e a rs  w i th o u t  e x p o su re ,  and 12 of these 20 had FEV 1 and FVC values unchanged 
fro m  th e i r  p r e e m p lo y m e n t  le v e ls .  Six had FEV 1 and FVC values be tw een  90 and 
100% of t h e i r  p r e e m p lo y m e n t  le v e ls ,  and two had values of 80-90%. Those who 
had re d u c e d  p u lm o n a ry  fu n c t io n  c o m p la in e d  of d y sp n e a  on e x e r t io n ,  nocturnal 
dyspnea, and tightness in the chest.

A dam s [ 8 3 ]  c o n c lu d e d  t h a t  exposure to TDI a t  about 20 ppb (140 Ug/cu m) 
fo r  5 y e a rs  did no t in c r e a s e  re sp ira to ry  symptom s or a f fe c t  the lung function of 
w o rk e rs  who w e re  no t  s e n s i t i z e d  to  the compound. However, sensitized workers, 
ev en  w hen no lo n g e r  e x p o s e d  to  TDI, had  m o re  r e s p i r a t o r y  sym ptom s than  did 
unexposed controls, suggesting th a t  e f fec ts  of TDI a re ,  to  some ex ten t ,  irreversible.

P e t e r s  and  his group [84-87] conducted a 2-year study of pulmonary function 
in w o rk e rs  in a p o ly u re th a n e  p la n t .  They  m easured  FVC, FEV 1, peak flow rate  
(P F R ), and  flow rates (FR) a t  75, 50, 25, and 10% of v ita l capac ity .  M easurements 
w e re  m ad e  a t  th e  b eg in n in g  and  end  of w ork  on Monday and la te r  in the week; 
t e s t s  w e re  r e p e a t e d  e v e ry  6 months. D etailed  occupational and smoking histories 
w e re  ta k e n  f ro m  th e  w o rk e rs ,  and  r e s p i r a t o r y  sy m p to m s  w ere evaluated  by the  
MRC q u e s t io n n a i r e .  F o r  e n v i ro n m e n ta l  m e a s u re m e n ts ,  a re a  samples, apparently  
co llected  a t  6-month in tervals , w ere analyzed by th e  Marcali method.

The in i t ia l  study [ 8 4 ] ,  made during D ecem ber 1966, included 38 workers, 7 of 
th e m  w om en , w ith  an  average  age of 36.3 years (range 18-62 years), employed an 
a v e ra g e  of 104.6 w eeks  (2-624 weeks). Environmental m easurem ents  taken  during 
th is  p e r io d  show ed  TDI c o n c e n t r a t io n s  ranging from 0.1 to  3.0 ppb (0.7-21 u g /c u  
m). Pulmonary function m easurem ents  on 34 workers showed a mean daily decrease 
in FEV 1 of 0.19 l i t e r  (P<0.001). S ig n if ic a n t  daily decreases w ere also noted in 
FVC ( P 0 .0 0 1 ) ,  PFR (P<0.05), FR50% (P<0.01), and FR25% (P<0.05). From Monday 
m o rn in g  to  F r id a y  m o rn in g ,  th e  m e an  FEV 1, F R 50% , and  F R 25%  a l l  show ed  
significant decreases (P<0.001). Responses for smokers and nonsmokers were similar, 
b u t  w o rk e rs  w ith  resp iratory  symptoms had a significantly g re a te r  decrease in FEV 
1 th a n  th o se  without symptoms (P<0.05). The authors noted th a t  th e re  appeared  to  
be no r e la t io n s h ip  b e tw e e n  p u lm o n a ry  fu n c t io n  changes and amount of exposure, 
which they judged from the  distance betw een work s ta t ions  and sources of TDI.

A t th e  6 -m o n th  followup [ 8 5 ] ,  28 of the 34 workers were still employed, and 
6 new  w o rk e rs  w e re  a d d e d  to  th e  s tu d y  group. Environmental concen tra tions  a t 
t h a t  t im e  ranged from undetec tab le  to  a high of 12.0 ppb (85 u g /c u  m) in the TDI 
p o u ring  a r e a .  M onday p r e s h i f t  and postshift m easurem ents  of pulmonary function 
showed significant decreases (P<0.02) in both FVC and FEV 1; Tuesday morning te s ts  
s h o w e d  e s s e n t i a l l y  c o m p l e t e  r e c o v e ry  in FVC, b u t  FEV 1 v a lu e s  w e re  s t i l l  
significantly lower than on the  previous morning.

When p u lm o n a ry  fu n c t io n  t e s t  r e s u l t s  w e re  com pared  with those from te s ts  
done 6 m o n th s  e a r l i e r ,  s ig n i f i c a n t  decreases w ere found in FEV 1, the  ra tio  FEV
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1/FV C, and  FR values a t  75, 50, 25, and 10% of vital capac ity  [ 8 6 ] .  The authors 
n o te d  t h a t  t h e r e  w as a high c o r r e l a t i o n  (r=0.72) betw een the  1-day and 6-month 
d e c r e a s e s  in  FEV 1. T h e  only  o th e r  v a r ia b le  s ig n i f i c a n t ly  c o r r e l a t e d  w ith  
pu lm o n ary  fu n c t io n  te s t  results  was l ife tim e smoking history, and when this fac to r  
was he ld  constan t,  the  6-month changes in FEV 1 w ere still significantly co rre la ted  
with diurnal changes (r=0.60).

The 12 -m onth  followup, made in D ecem ber 1967, showed a much lower diurnal 
d e c r e a s e  in FEV 1, 0 .05 l i t e r  [ 8 7 ] .  In th e  25 workers still available from the 
o r ig in a l  34, th e  decrease  in FEV 1 over 1 year was still significant, but the en tire  
d e c r e a s e  w as a c c o u n te d  fo r  by c h a n g e s  du ring  th e  f irs t  6 months. The authors 
n o te d  t h a t  TDI concen tra tions  m easured a t  this tim e were very low; the maximum 
concentra tion  d e tec te d  was only 1.5 ppb (11 Ug/cu m).

Subsequent environm ental m easurem ents  showed maximum TDI concentra tions  of 
14.5 ppb (103 u g / c u  m) a t  the tim e of the 18-month followup [8 6 ]  and 12.5 ppb 
(89  u g / c u  m) a t  t h e  2 -y e a r  fo llow up  [ 8 7 ] .  In D e c e m b e r  1968, w hen  f in a l  
p u lm o n a ry  fu n c t io n  t e s t s  w e re  m a d e ,  18 of th e  o r ig in a l  34 w o rk e r s  were still 
in c lu d e d  [ 8 7 ] .  The average FEV 1 had decreased  0.22 l i te r  in these workers over 
th e  2 y e a r s ,  a m ean  annual decrem en t of 0.11 l i te r /y ea r .  The authors noted tha t 
th is  d i f f e r e n c e  c o u ld  no t be accounted  for by normal aging, citing several reports  
in th e i r  p a p e r  t h a t  show ed  an n u a l  d e c r e a s e s  o f  0.025-0.047 l i te r /y e a r  in normal 
w ork ing  and  g e n e ra l  p o p u la t io n s  and  0.08 l i t e r / y e a r  in p a t i e n t s  w ith  c h ro n ic ,  
n o n s p e c i f ic  lung d is e a s e .  The decrease  in 2 years was twice as g rea t  in workers 
reporting symptoms as in those th a t  did not.

In a 1978 ab s trac t ,  Musk e t  al [88] described a  5-year investigation th a t  was 
a p p a r e n t ly  a fo llow up  of th e  s tudy  by P e te rs  and coworkers [8 4 -8 7 ] .  Musk e t  al 
r e p o r t e d  on f in d in g s  in 107 subjects, presumably the  en t ire  population a t  risk over 
th e  5 y e a rs ,  and did not provide specific data  on the dwindling cohort (34 workers) 
fo r  w hich  th e  P e t e r s  g roup  o b ta in e d  in i t i a l  p u lm o n a ry  fu n c t io n  m easurem ents. 
D i is o c y a n a te  (TDI and  MDI) c o n c e n t r a t i o n s  were said to be "well below" 20 ppb. 
The authors reported  th a t  th e re  was no signficant decrease in FEV 1 com pared  with 
p r e d ic te d  v a lu e s .  In a d d i t io n ,  no a c u t e  d e c r e a s e  w as o b s e rv e d  in preshift and 
p o s t s h i f t  v a lu e s  on a  M onday e i ther  before  or a f te r  a  2-week vacation, and the re  
was no increase in FEV 1 over the vacation period.

In a n o th e r  s tu d y  f ro m  th e  same labora tory , Wegman e t  al [89 ,90] perform ed 
p u lm o n a r y  f u n c t i o n  t e s t i n g  on 112 w o r k e r s  e x p o s e d  to  TDI in a f a c to r y  
m a n u fa c tu r in g  p o ly u r e th a n e  cu sh io n s .  O c c u p a t io n a l  and sm ok ing  h is to r ies  and 
r e s u l t s  from the MRC resp ira tory  symptoms questionnaire were co llected  from each 
w o rk e r ,  and the  FEV 1 was m easured before and a f te r  work on a Monday following 
a 3 -day  w eek en d .  E n v i ro n m e n ta l  c o n c e n t r a t i o n s  of TDI w ere  determ ined from 
breathing-zone samples analyzed by the  Marcali method. The highest concentrations 
m e a su re d  w ere  13 ppb [ 4 6 ]  and  9 ppb [90 ] (90 and 60 u g /c u  m). The workers 
w e re  d iv ided  into groups of approxim ately equal size exposed a t  1.5 ppb (12 u g /cu  
m) or less, 2.0-3.0 ppb (14-21 Ug/cu m), and 3.5 ppb (25 Ug/cu m) or more.
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In i t ia l  m e a s u re m e n ts  show ed  a dose-rela ted  diurnal decrease  in FEV 1 in the 
t h r e e  g ro u p s  [ 8 9 ] .  At the  2-year followup [ 9 0 ] ,  only 63 m em bers of the original 
w o rk fo rc e  were s till employed. Examination of records showed th a t  40 of those no 
longe r  e m p lo y e d  had r e s ig n e d  v o lu n ta r i ly  and  t h a t  th e s e  w o rk e rs  had  shown a 
d iurnal decrease in FEV 1 of 0.126 l i te r  a t  the earlier  testing , com pared  with 0.096 
l i t e r  in th o s e  who w e re  s till employed. While this d ifference was not significant, 
th e  authors noted th a t  it  re f le c ted  a trend  for se lf-se lection  based on health  among 
TDI workers.

In g e n e r a l ,  w ork  a s s ig n m e n ts  had been s table  over the  2 years, with workers 
averaging 20 months a t  a work station; workers were the re fo re  assigned to  exposure 
groups on the basis of the ir  usual work s ta t ion  [ 9 0 ] .  Since 5 workers had variable 
e x p o su re s  and  cou ld  n o t  be  assigned to  any group, final tes t ing  was perform ed  on 
57 w o rk e rs ;  20 of th e se  in each of the high and low exposure groups and 17 were 
in th e  m ed ium  e x p o su re  group. The incidence of coughing and phlegm production 
in c re a s e d  w ith  h ig h e r  e x p o s u re ;  15% of the 57-person study group had symptoms 
sugges tive  of chronic bronchitis, bu t these were not re la ted  to  exposure level. The 
2 -y e a r  d e c r e a s e  in FEV 1 a v e r a g e d  0.102 l i t e r  (SD = 0.204 li ter)  in the exposed 
w o rk ers ;  th e  g roups  with low, medium, and high exposure had respective  decreases 
of 0 .012 , 0 .085 , and  0 .205  l i te r  (SD = 0.204, 0.177, and 0.185 liter). The authors 
n o te d  t h a t  th e  d e c r e a s e  in th e  high-exposure group was "clearly  excessive," while 
t h a t  in th e  lo w -e x p o su re  g roup  w as " c le a r ly  w ith in  normal limits." The authors' 
a n a ly s is  o f  v a r ia n c e  show ed  th e  d i f f e r e n c e  in 2-year decrem ent in FEV 1 in the 
t h r e e  g roups  to  be significant a t  P<0.01. Age, length of em ploym ent, and smoking 
h a b i ts  did n o t  d i f f e r  s ig n if ican tly  in the th ree  groups. Since several fac to rs  th a t  
a f f e c t  lung s iz e ,  in c lu d in g  sex ,  h e ig h t ,  and race , d iffered  among the  groups, the 
a u th o r s  s ta n d a r d i z e d  fo r  lung s iz e  by dividing the  2-year decrease  by the  initial 
FEV 1 m e a s u r e m e n t ;  th i s  s ta n d a rd iz e d  figure still showed a significant d ifference 
betw een exposure groups.

W egm an and colleagues [9 0 ]  concluded th a t  an excessive loss of lung function 
r e s u l t e d  f ro m  e x p o su re  to  TDI a t  c o n c e n t r a t i o n s  a t  leas t  as low as 3.5 ppb (25 
y g / c u  m) and  poss ib ly  as  low as  2.0 ppb (14 y g /c u  m). They suggested several 
r e a s o n s  fo r  th e  d i f f e r e n c e  b e tw e e n  the ir  findings and those of Adams [ 8 3 ] ,  who 
c o n c lu d e d  t h a t  e x p o s u re  a t  20 ppb (140 y g / c u  m) did not a f fe c t  lung function. 
A dam s d e t e r m in e d  TDI c o n c e n t r a t i o n s  by a r e a  m o n i to r in g  r a th e r  than  personal 
sampling, so th a t  results  may have had l i t t le  relationship to  ac tua l exposures of the 
w o rk e rs ;  he did not group workers by exposure level, possibly obscuring significant 
e f f e c t s  a t  h ig h e r  c o n c e n t ra t io n s ;  lung function testing  was done in the afternoon, 
fo l low ing  a day of exposure, so th a t  no baseline m easurem ents  were available; and 
c h a n g e s  in lung fu n c t io n  w e re  e v a lu a te d  by re g re s s io n  analysis, a less sensitive 
in d ic a to r  of c h a n g e s  o v e r  t im e  th a n  th e  m e th o d  of p a i r e d  d if fe re n ces  used by 
W egm an e t  a l [ 9 0 ] .  An a d d i t io n a l  c o n s id e r a t io n  is t h a t  A dam s [ 8 3 ]  s tu d ie d  
w o rk e rs  in T D I-m a n u fa c tu r in g  plants, w hereas the studies of P e te rs  e t  al [84-87] 
and o f  W egm an e t  a l  [ 9 0 ]  involved polyurethane foam plants. Exposure to  o ther 
c h e m ic a ls  is l ik e ly  in b o th  situations, and it  is possible th a t  chem icals  o ther than 
TDI may have a f fe c te d  the  results  of lung function studies. Workers involved in the
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m a n u f a c t u r e  of TDI m ay  b e  e x p o se d  to  to lu e n e  d ia m in e ,  p h o sg e n e ,  h y d ro g en  
c h lo r id e ,  and  c h lo r in e .  W orkers  in fo a m in g  p ro c e s s e s ,  on th e  o th e r  hand ,  a re  
in v a r ia b ly  ex p o sed  to  TDI in th e  p r e s e n c e  of o th e r  form ula components such as
volatile amine cata lys ts  and fluorocarbon blowing agents.

A 2-year study by Erlicher, sum m arized by Bunge, Erlicher, and Kim m erle [9 1 ]  
in 1977, e v a lu a te d  th e  health  of 341 men exposed to  TDI, MDI, and NDI in plants 
p ro c e ss in g  raw  m a te r i a l s  fo r  po lyure thane . A to ta l  of 159 air samples showed a 
m ean  d i i s o c y a n a te  co n ce n tra t io n  of 19.7 ppb (about 140 Ug/cu m). This was not a 
TWA c o n c e n t r a t i o n  b u t  w as  b a s e d  on s a m p le s  t a k e n  only f ro m  s e l e c t e d  w ork 
p ro c e s s e s .  Peak concentra tions  of up to  1,300 ppb (9,200 Ug/cu m) w ere recorded.

D e ta i le d  m e d ic a l  h i s to r i e s ,  c l in ica l  exam inations, pulmonary function testing, 
and  h e m a to lo g ic ,  c h e m ic a l ,  and  enzym e-diagnostic  laboratory  te s t s  w ere made on 
th e  w o rk e rs ,  who had been employed for up to  25 years. The tim e and frequency 
of th e s e  t e s t s  w e re  no t  in d ic a te d .  T h e re  was no significant d ifference in mean 
FEV 1 b e tw e e n  w o rk e rs  e x p o se d  fo r  le s s  th a n  3 y e a r s  and those exposed 10-25 
y e a r s ,  a l th o u g h  th e  m ean  fo r  sm o k e rs  w as s ig n i f i c a n t ly  d iffe ren t from th a t  for 
n o n sm o k ers .  L a b o ra to ry  t e s t s  in d i c a te d  t h e r e  w ere  no a l te ra t ions  of peripheral 
blood values, hem atopoie tic  system , or kidney function.

W eili e t  al [57,59,92] and Butcher e t  al [54,58,63] have reported  on the  firs t
5 y e a rs  of a lo n g i tu d in a l  s tu d y  o f  resp iratory  symptoms, pulmonary function, and 
im m u n e  r e s p o n s e s  in w o rk e rs  a t  a T D I -m a n u fa c tu r in g  p la n t .  The s tu d y  was 
in i t i a te d  in April 1973, before TDI production began a t  the  p lant, and is planned to 
extend through 1978.

The original group of workers in the study consisted of 166 men subdivided into 
t h r e e  e x p o su re  g roups  [ 5 8 ] .  The 77 m en  in group  1 w ere  assigned to  areas in 
w h ic h  t h e y  h a d  d a i ly  c o n t a c t  w ith  TDI; g roup  2 c o n s i s te d  o f  36 m en  w ith  
i n t e r m i t t e n t  c o n t a c t  w ith  TDI, such as m aintenance workers; group 3 included 53 
workers from other a reas  of the  plant who had no known exposure to TDI.

B e fo re  TDI p ro d u c tio n  began and a t  6-month in tervals  th e re a f te r ,  the  workers 
were adm ininstered a  modified MRC questionnaire to  de term ine  the ir  smoking habits 
and th e  e x i s t e n c e  of re sp ira to ry  symptom s [ 5 8 ] .  Pulmonary function testing  and 
d e t e r m in a t io n s  of lung vo lum e  and  d iffusion  capacity  were made. Workers were 
s k in - t e s t e d  fo r  s e n s i t i v i ty  to  TDI and  to  several com mon inhalant allergens, and 
th o s e  showing positive results  with two or more allergens w ere classified as atopic. 
Blood s a m p le s  w ere  taken  fo r  immunoglobulin determ ination , eosinophil counts, and 
antibody detection.

E n v iro n m e n ta l  concen tra tions  of TDI w ere determ ined  throughout the study by 
b o th  a r e a  and  p e rso n a l  m o n i to r in g  [ 5 8 ] .  A re a  m onitoring was perform ed from 
August 1973 using Model 7000 TDI d e tec to rs  from MDA sc ien tif ic ,  ca l ib ra ted  with a 
gas  d if fu s io n  c e l l  and confirm ed by th e  Marcali method. Personal monitoring with 
MCM m o n i to r s  f ro m  t h e  s a m e  su p p lie r  b e g an  in 3uly 1975. A ll w orkers were
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m o n i to re d  continuously throughout a  com plete  22-day sh ift ro ta tion . A rea sampling 
show ed f r e q u e n t  e x c u r s io n s  a b o v e  20 ppb (140 u g / c u  m) in TDI production and 
drum m ing  areas, with weekly TWA concentrations as high as 40 ppb. However, the 
a u th o rs  r e p o r t e d  la rg e  d iscrepancies  be tw een  a rea  monitoring results  and those of 
personal monitoring, which were generally lower.

By O c to b e r  1975, 30 of th e  workers originally included in the  study had le ft  
and  s e v e ra l  had  f a i l e d  to  p a r t i c ip a te  in one or more se ts  of m easurem ents  [ 5 8 ] .  
In a d d i t io n ,  s e v e r a l  of th e  o r ig in a l  c o n t ro l  sub jec ts  had been transfe rred  to  the 
ex p o sed  g roup  b e c a u s e  of job changes. Longitudinal da ta  on resp ira tory  symptoms 
was available on 103 of the  original study group, and only 14 of these had not been 
ex p o sed  to  TDI. A s ig n i f i c a n t  p ro p o r t io n  of exposed workers had an increase in 
l o w e r  r e s p i r a to r y  s y m p to m s  (P<0.01), w h ile  u n ex p o se d  w o rk e rs  did n o t .  This 
d i f f e r e n c e  w as a c c o u n te d  for by a  significant excess of new symptoms in exposed 
workers who had never smoked (P<0.05).

P u lm o n a ry  fu n c t io n  d a t a  du r in g  th e  f i r s t  2 y e a r s  o f  e x p o s u re  show ed  an 
increase in FVC and FEV 1 in both exposed and unexposed groups [ 5 8 ] .  There were 
s l ig h t  d e c l in e s  in FEF 2 5 -7 5 ,  in FEV 1/FVC, and in instan taneous flow rates a t  50 
and  25% of FVC (Vmax 50 and  Vmax 25), b u t  th e s e  did not d iffer significantly 
f ro m  z e ro  or from  e x p e c te d  e f f e c t s  due to  ag in g ,  no r w e re  t h e r e  s ig n i f ic a n t  
d i f f e r e n c e s  b e t w e e n  e x p o se d  and  u n ex p o sed  g ro u p s .  T h e re  w e re  s ig n i f i c a n t  
d i f f e r e n c e s  b e t w e e n  g r o u p s  in m e a s u r e m e n t s  o f  lung vo lu m es  and  d i f fu s in g  
c a p a c i t i e s ,  b u t  th e s e  w ere paradoxical, with g rea te r  declines in groups having less 
e x p o su re .  The a u th o r s  c o n c lu d e d  t h a t  t h e r e  w as no exposure-re la ted  decline in 
pulmonary function.

In the 1978 annual repo rt  on this study, Weill e t  al [5 9 ]  noted  th a t  only 88 of 
th e  o r ig in a l  166 w o rk e rs  w ere still partic ipating . To o ffse t a t t r i t io n ,  workers had 
b een  ad d ed  during the  f i r s t  3 years of the study, so th a t  some data  w ere available 
on a  t o t a l  of 277 workers. The original exposure groups w ere no longer considered 
va l id  b e c a u se  of w o rk e rs  t r a n s f e r r i n g  f ro m  one  e x p o s u re  c a t e g o r y  to  another. 
P e rs o n a l  m o n i to r in g  d a t a  c o l l e c t e d  s in ce  1975 w e re  th e re fo re  used to  e s t im a te  
c u m u la t iv e  e x p o s u re s  in ppm-months for each worker. Mean TWA exposures were 
ca lcu la ted  for each of six job categories , ranging from 2 to  6 ppb (14-40 Ug/cu m). 
TDI c o n c e n t r a t i o n s  fo r  jobs assigned to  the control group w ere found to  be below 
th e  l im i t  of d e t e c t a b i l i t y  of th e  method (reported  as 1.5 ppb) m ore than 99% of 
th e  t im e ,  and  th e  author assigned these jobs a  mean TWA concen tra tion  of 0 ppb. 
For  each  worker, tim e spent in each job category was multiplied by th e  mean TWA 
c o n c e n t r a t i o n  fo r  t h a t  job and  r e s u l t s  w e re  su m m e d  to  d e t e r m in e  cu m u la t iv e  
exposures.

Lung fu n c t io n  t e s t  r e s u l t s  were s ta t is t ica lly  co rre la ted  with these cumulative 
exposures in cross-sectional and longitudinal analyses [ 5 9 ] .  C ross-sectional analysis 
o f  139 m en  t e s t e d  in D e c e m b e r  1977 by step-up regression showed no significant 
association of pulmonary function te s t  values with cum ulative exposure.
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L o n g i tu d in a l  a n a ly s is  in c lu d e d  a ll workers who had par t ic ipa ted  in pulmonary 
function  testing a  minimum of th ree  times over a t  leas t  3 years and those who had 
been  t e s t e d  a t  l e a s t  tw ic e  for lung volume and diffusing capacity  over a t  leas t  2 
y e a rs ;  th e  fo rm e r  g roup  in c lu d e d  117 m en , t h e  l a t t e r  132 [ 5 9 ] .  C o r re la t io n  
c o e f f i c i e n t s  were ca lcu la ted  for cum ulative exposure and annual ra te s  of change in 
s e v e ra l  p u lm o n a ry  fu n c t io n  variables, and mean values were com pared by smoking 
and a to p y  c a t e g o r i e s .  S te p -u p  re g re s s io n  w as used  to  r e g r e s s  annual ra te s  of 
c h a n g e  in lung  function  onto cum ulative exposure, smoking, atopy, and in teractions  
betw een these variables.

The r e s u l t s  of th i s  a n a ly s is  did no t  show  significant adverse e f fe c ts  of TDI 
ex p o su re  on p u lm o n a ry  function a t  P<0.05; e f fec ts  th a t  were marginally significant 
(0.05<P<0.10) d id  not f i t  recognized p a t te rn s  of airways dysfunction and were o ften  
p a ra d o x ic a l ,  w ith  h ig h e r  TDI e x p o su re s  a s s o c ia t e d  w ith  le s s  d ec re m en t  in lung 
fu n c t io n  [ 5 9 ] .  There were "clearly  excessive" annual declines in FEV 25-75, 
Vmax 25, Vmax 50, and  d if fu s in g  c a p a c i ty ,  but this was true  for the en t ire  te s t  
p o p u la t io n  and th e  declines did not differ significantly betw een exposure groups or 
show a  positive corre la tion  with cum ulative exposure. The only annual change tha t 
w as s ig n i f i c a n t ly  c o r r e l a t e d  w ith  c u m u la t iv e  e x p o s u re  w as  an abnormally small 
in c r e m e n t  in r e s id u a l  v o lu m e  a s s o c ia t e d  w ith  higher TDI exposure. The authors 
w e re  u n a b le  to  in te rp re t  the  biologic significance of this finding in the  absence of 
o ther dose-re la ted  changes in lung volume.

E xposed  s u b je c t s  a g a in  showed a  g rea te r  increase than controls in respiratory  
sy m p to m s  [ 5 9 ] .  The d i f f e r e n c e  w as s ig n i f i c a n t  (P =0.008) only  fo r  b ronch it is  
(defined  as cough and phlegm for a t  least  3 months of the year), but increases also 
o c c u r r e d  in b o th  up p er  and  lo w er  r e s p i r a t o r y  s y m p to m s .  When r e s u l t s  w e re  
a n a ly z e d  by sm oking  and  a topy  categories , most of the  increase in bronchitis was 
accoun ted  for by nonatopic smokers in the exposed group. There was no significant 
d i f f e r e n c e  b e tw ee n  continuously and in te rm itten t ly  exposed groups, but correlations 
with cumulative exposures were not made.

This s tu d y  [5 4 ,5 7 - 5 9 ,6 3 ,9 2 ]  is th e  only study available on TDI workers tha t 
p ro v id e s  p re e x p o s u re  d a t a  fo r  a l l  w o rk e r s .  In a d d i t io n ,  b e c a u se  of the  use of 
continuous personal monitoring, it provides realis tic  inform ation on ac tua l exposures. 
F ind ings  in th i s  TDI m a n u fa c tu r in g  p la n t  in d ic a te  th a t  exposure to  TDI a t  TWA 
c o n c e n t r a t i o n s  of 2 -6  ppb (14-40 y g /c u  m) can produce an increase in respiratory  
s y m p t o m s ,  a p p a r e n t l y  w i th o u t  any  e x p o s u r e - r e l a t e d  d e c r e m e n t  in p u lm o n a ry  
fu n c t io n .  H o w e v e r ,  p u lm o n a ry  fu n c t io n  te s t  results in this study are  ambiguous, 
possib ly  b e c a u s e  o f  e x p o s u re  o f  th e  partic ipan ts , including controls, to  chemicals 
o ther than TDI.

In a  1973 NIOSH h e a l th  h a z a rd  e v a lu a t io n ,  V a n d e rv o r t  an d  S ham a  [ 9 3 ]  
in v e s t ig a t e d  r e s p i r a t o r y  s y m p to m s  and  a c u t e  lung  f u n c t io n  c h a n g e s  in workers 
e x p o sed  to  TDI a t  low c o n c e n t r a t i o n s  a t  a  p la n t  making polyurethane foam ice 
c h e s t s  and  p ic n ic  jugs. During a preliminary visit, a ir  samples were co llec ted  and 
a n a ly z e d  fo r  TDI by th e  m o d if ie d  M arca l i  m e th o d  of Grim and Linch [ 9 4 ] .  A
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q u e s t io n n a i r e  to  id en tify  histories of respiratory  symptom s was adm inistered  to  all 
290 e m p lo y e e s  o f  th e  p la n t ,  about 200 of them exposed to TDI. The authors did 
n o t  in d ic a te  th e  t o t a l  n u m b e r  of w o rk e rs  w ith  resp iratory  symptom s or describe 
th e i r  exposures to TDI. Twenty-nine of the 200 exposed workers were se lec ted  for
f u r th e r  s tu d y ;  13 of these were experiencing resp ira tory  symptoms, as indicated in
re s p o n se s  to  th e  q u e s t io n n a i r e ,  and  16 w ere  asym ptom atic . These workers were 
subd iv ided  in to  m o d e ra te  and  low e x p o su re  groups on the basis of environm ental 
m e a s u re m e n t s  m ade  a t  th e  tim e of the initial visit. The four workers making up 
th e  sy m p to m atic  low-exposure group w ere among 14 sensitized workers in the plant 
who had  b e e n  t r a n s fe r re d  away from the im m ediate  a rea  of the foaming operation 
becau se  of in to lerance to  TDI. Seven unexposed control employees, m atched  to  the 
study group for age, sex, and smoking habits, w ere se lec ted  as controls.

Two weeks a f te r  the initial visit, the investigators  [9 3 ]  perform ed preshift and
p o s t s h i f t  p u lm o n a ry  fu n c t io n  t e s t in g  on the exposed and control workers se lec ted  
fo r  th e  s tu d y .  The TWA exposure concentra tion  of each  employee was determ ined 
fo r  th e  s h i f t  from  breath ing-zone samples. Short questionnaires were adm inistered 
b e fo re  and  a f t e r  th e  m o n i to r e d  s h i f t  and  a g a in  th e  n e x t  morning to  determ ine 
whether the  employees were experiencing symptoms.

Thirty-four environm ental samples taken on the day of the f i r s t  visit, mostly in 
th e  b r e a th in g  zones of employees, all indicated  TDI concen tra tions  under 35 y g /c u  
m (5 ppb) [ 9 3 ] .  Only se v e n  w e re  above  7 p g / c u  m (1 ppb), and five of these 
w ere  f ro m  w o rk e rs  operating  foaming machines, whose exposures ranged from 10.1 
to  25.9 y g / c u  m (1.42-3.64 ppb). On the second visit, 88 samples w ere taken, 2-4 
fo r  e a c h  e m p lo y e e  in t h e  s tu d y .  The maximum concen tra tion  measured was 39.9 
y g / c u  m (5 .60  ppb); only  fo u r  samples showed concentra tions  above 35 y g /c u  m. 
TWA e x p o su re  c o n c e n t r a t i o n s  fo r  the  17 workers in the  m odera te  exposure group 
ra n g e d  fro m  0.6 to  30.0 y g / c u  m (0.1-4.2 ppb) with 4 workers exposed above 20 
y g / c u  m (2.8 ppb). Twelve of the 13 asym ptom atic  workers, who did not work in 
TDI a r e a s  and w e re  presumably exposed only incidentally, had exposures of 0.2-3.4 
y g / c u  m (less than 0.5 ppb), but 1 worker in this group was exposed a t  27.9 y g /c u  
m (3.9 ppb). The in v e s t ig a t o r s  n o te d  t h a t  th e  o p e r a t io n s  in v o lv ed  a re  highly 
r e p e t i t i v e  and  th e  c o n c e n t r a t i o n s  m easured  should the re fo re  be rep resen ta tive  of 
th e  usual exposure of these employees. However, spills of TDI had occurred in the 
p la n t ,  u n d o u b te d ly  p ro d u c in g  trans ien t TDI concen tra tions  much higher than those 
measured.

R e s u l t s  of pulmonary function testing showed no significant d ifference between 
m orn ing  and evening testing  excep t in the sym ptom atic  low-exposure group of four 
s e n s i t i z e d  w o rk e rs  who had  b e e n  t r a n s fe r r e d  out of the  foaming area; this group 
also  showed significantly g rea te r  decreases in FVC and FEV 1 than  did the controls
[ 9 3 ] .  The in d iv id u a l  w i th  th e  g r e a t e s t  d e c r e a s e ,  who had  never  smoked, was 
exposed  a t  a  c o n c e n t r a t i o n  o f  only 0.2 y g /c u  m and thus was highly sensitive to 
TDI.
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In th e  a s y m p to m a t ic  groups with both m odera te  and low exposure, all but two 
of th e  w o rk e rs  r e p o r t e d  m ild  i r r i t a t io n  of the mucous membranes, and th ree  had 
r e s p i r a to r y  sy m p to m s  such  as coughing or chest tightness [ 9 3 ] .  All 13 workers in 
th e  s y m p to m a t ic  g roups  rep o r ted  coughing, chest tightness, wheezing, or shortness 
of b r e a th .  T h e re  was a  considerable increase over presh ift  findings in the number 
of sy m p to m s  r e p o r t e d  a t  th e  end  o f  th e  s h i f t  in b o th  th e  m o d e ra te -  and low- 
exposure sym ptom atic  groups and some increase in the asym ptom atic  groups.

T h is  s t u d y  [ 9 3 ]  i n d i c a t e s  t h a t  w o r k e r s  u s u a l l y  e x p o s e d  to  TD I a t  
c o n c e n t r a t i o n s  le ss  than 35 y g /c u  m (5 ppb) may experience resp iratory  symptoms 
r e l a t e d  to  t h e i r  e x p o s u re .  H ow ever,  the  investigators  noted th a t  it could not be 
a ssu m ed  t h a t  w o rk e rs  had  becom e sensitized a t  these low levels. Nine of the 13 
s y m p to m a t ic  e m p lo y e e s  had  b e e n  ex p o sed  to  spills of TDI in the  past, and 8 of 
th e s e  9 d e v e lo p e d  sy m p to m s  a t  th e  t im e  of th e  spill, so sensitization  may have 
d e v e lo p ed  as a result of these exposures. The authors could not determ ine whether 
th is  w as th e  f irs t  occasion on which they showed symptoms. Because only one set 
of p e rso n a l  m o n i to r in g  m e a s u r e m e n t s  w as o b ta in e d ,  this study does not indicate 
w h e th e r  c h ro n ic  ex p o su re  a t  these low concentra tions  can produce sensitization  to 
TDI o r  a l o n g - t e r m  d e c r e a s e  in  lu n g  f u n c t i o n .  H o w e v e r ,  a t  s t i l l  low er 
c o n c e n t r a t i o n s  of 7 y g / c u  m (1 ppb) or less, only individuals previously sensitized 
to  TDI a t  h ighe r  c o n c e n t r a t io n s  had respiratory  symptom s or a  decrem ent in lung 
function.

Roper and Corm er [ 9 5 ] ,  in another NIOSH health  hazard evaluation, perform ed 
a  s im i la r  s tu d y  in 1975 on n ine  e m p lo y e e s  who poured and molded polyurethane 
foam  a t  a n o th e r  p la n t .  B re a th in g -z o n e  s a m p le s  fo r  th e s e  workers showed TDI 
c o n c e n t r a t i o n s  o f  0 .1 -2 .2  ppb (0 .7 -16  y g / c u  m). O nly  2 of 21 samples showed 
c o n c e n t r a t i o n s  a b o v e  1 ppb (7 y g / c u  m), and  m o s t  w e re  well below this level. 
None of th e  w o rk e rs  in th is  s tudy  show ed  e i th e r  a c u t e  c h a n g e s  in p u lm onary  
function  or respiratory  symptoms, although some reported  th a t  they had experienced 
sy m p to m s  in th e  p a s t  w hen  sp ills  o f  TDI o c c u r r e d .  The a b s e n c e  of r e p e a te d  
sam pling  da ta  and the small number of workers lim it the significance of this study.

A lth o u g h  th e r e  h av e  b e e n  s e v e r a l  r e p o r t s  o f  re sp ira to ry  e f fe c ts  in workers 
ex p o sed  to  MDI, few studies have been found th a t  ind icate  exposure concentrations 
a s s o c i a t e d  w i th  t h e s e  e f f e c t s .  In a  1973 NIOSH h e a l th  h a z a rd  e v a lu a t io n ,  
V a n d e rv o r t  and  L u cas  [ 6 1 ]  investiga ted  pulmonary function in workers in a plant 
m a n u fa c tu r in g  f ib ro u s  g la ss  ta n k s .  C oncentrations of MDI w ere determ ined  from 
b o th  a r e a  and  persona l samples on 2 d iffe ren t days during MDI foaming operations 
a n d  a n a l y z e d  by t h e  M a rc a l i  m e th o d  as m o d if ie d  by G rim  and  L inch  [ 9 4 ] .  
B r e a t h i n g - z o n e  c o n c e n t r a t i o n s  o f  MDI r e a c h e d  110 y g / c u  m fo r  so m e  foam  
o p e r a to r s ;  o th e r  workers had average exposures of less than 50 y g /c u  m. Workers 
in  t h i s  p r o c e s s  w e re  a lso  e x p o se d  to  s ty r e n e  a t  c o n c e n t r a t i o n s  o c c a s io n a l ly  
e x c e e d in g  100 ppm and to  m ethylene chloride, toluene, and ace tone  a t  a few parts  
per million.
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P r e s h i f t  and  p o s t s h i f t  lung fu n c t io n  t e s t i n g  w as  c o n d u c te d  on 29 exposed 
e m p lo y e e s  on a M onday w hen  no MDI w as used  in th e  plant and on a  Thursday 
w h e n  f o a m i n g  o p e r a t i o n s  to o k  p la c e ;  12 of th e s e  e m p lo y e e s  w o rk ed  in th e  
im m e d ia te  a r e a  of the foaming operation [ 6 1 ] .  One worker had a  presh ift  FEV 1 
le ss  than  75% of his p red ic ted  value, and he and two o ther workers had abnormally 
low FEV 1/FVC ratios; all th ree  men were smokers, however, so the  significance of 
th e s e  d e c r e m e n t s  is d i f f i c u l t  to  i n t e r p r e t .  D uring  th e  shift when foaming was 
c a r r i e d  o u t ,  none  of th e  e x p o sed  w o rk e rs  show ed  a  s ig n i f i c a n t  d e c r e m e n t  in 
p u lm o n a ry  fu n c t io n  m easurem ents  com pared with eight unexposed controls m atched 
to  them by age, sex, and smoking history.

In 1974, Bodner e t  al [9 6 ]  conducted another NIOSH health  hazard evaluation 
in a p la n t  m a n u fa c tu r in g  f ib ro u s  glass products. Thirty-five workers, six of whom 
w e r e  s p r a y e r s ,  w e r e  e m p l o y e d  in a r e a s  w h e re  e x p o su re  to  MDI w as  l ik e ly .  
B r e a th in g -z o n e  s a m p le s  fo r  th e  s p ra y e r s  show ed  MDI concen tra tions  of 120-270 
U g /cu  m (12-26  ppb if th e  MDI w as p r e s e n t  a s  vap o r) ,  and  a r e a  samples gave 
c o n c e n t r a t i o n s  o f  10-150 Ug/cu m (1-15 ppb). Thirty-four of the  employees (97%) 
e x p e r ie n c e d  som e  fo rm  o f  e y e ,  nose, or th roa t irr i ta tion , and 49% had wheezing, 
s h o r tn e s s  o f  b r e a t h ,  o r  c h e s t  t i g h tn e s s .  T hese  w o rk e rs  w e re  a lso  e x p o se d  to 
s t y r e n e  a t  c o n c e n t r a t i o n s  g r e a t e r  th a n  200 ppm , m ak in g  i t  u n l ik e ly  t h a t  th e  
symptoms resulted  solely from MDI.

O ther studies found on populations of workers exposed to  MDI have provided no 
q u a n t i ta t iv e  inform ation on exposure concentrations, but they do indicate  th a t  the re  
is a  r e la t io n s h ip  b e tw e e n  a d v e r s e  e f f e c t s  and e x p o s u re  le v e ls  o r  d u r a t io n  of 
e x p o su re .  F o r  e x a m p le ,  in 1971, Tanser e t  al [9 7 ]  exam ined the  e f fe c ts  of MDI 
e x p o su re  on 57 employees in a fac to ry  producing rigid polyurethane foam  moldings. 
F o u r te e n  of th e  57 w o rk e rs  r e p o r t e d  t h a t  any con tac t  with MDI vapor produced 
e f f e c t s  rang ing  from a sore th ro a t  and wheezing to  severe asthm a and tightness in 
th e  c h e s t .  Spirometric analysis showed th a t  8 of the 57 employees had an FVC of 
le s s  th a n  9096 of the  p red ic ted  value or an FEV 1/FVC ra tio  below 75%; only 2 of 
these 8 reported  symptoms of sensitivity  to  MDI.

The authors [9 7 ]  reported  th a t  most of the symptoms appeared  to  be those of 
d i r e c t  i r r i t a t i o n  and  no t  o f  an allergic reaction. However, four workers who had 
c o n t a c t  with MDI w ere diagnosed as having possible hypersensitivity; th ree  of these 
had  s e v e re  a s th m a ,  and  th e  fo u r th  developed fever,  headaches, aching limbs, and 
cough following exposure.

The 1976 s tu d ie s  of S a ia  e t  a l [ 9 8 ]  and  F a b b r i  e t  a l [ 9 9 ]  e x p lo re d  the 
r e la t io n s h ip  b e tw e e n  e x p o s u re  to  MDI and  c h ro n ic  n o n s p e c i f ic  lung  d isease  in 
w o rk e rs  in an  I ta l i a n  r e f r i g e r a t o r  f a c t o r y .  The to ta l  exposed workforce of 180 
c o m p r is e d  94 f u r n a c e  w o rk ers  (who removed polyurethane molds from the  furnace 
and  w e re  e s t i m a t e d  to  h av e  th e  highest exposures), 32 in jectors , and 54 assembly 
line  w o rk e rs  w e re  a lso  in c lu d e d .  The g roups  w e re  s im i la r  in average  age and 
length of employment.
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R esponses  to  a  questionnaire  ind icated  th a t  85 of the workers in the plant had 
r e s p i r a to r y  sy m p to m s  [ 9 8 ] .  The p r e v a le n c e  o f  th e s e  s y m p to m s  w as l e a s t  in 
workers exposed less than  4 years and g rea te s t  in those exposed more than 8 years; 
th e  a v e ra g e  a g e  in a l l  t h r e e  g ro u p s  w as 37-38 years. Pulmonary function studies 
s h o w e d  t h a t  a b o u t  h a l f  o f  t h e  180 w o r k e r s  had  v i t a l  c a p a c i t y  and  FEV 1 
m e a su re m e n ts  below 90% of p red ic ted  values, and 15-20% had values below 80% of 
p r e d ic te d  [ 9 9 ] .  The 85 workers with respiratory  symptom s had pulmonary function 
m e a s u r e m e n ts  s ig n i f i c a n t ly  lo w er  th a n  the average for the 180 employees. These 
m easurem ents  decreased  with length of exposure even when adjusted for smoking.

R e s u l t s  w e re  also analyzed by job function in 160 workers who had no history 
of previous occupational exposure to respiratory  i r r i tan ts  [9 8 ,9 9 ] .  Furnace workers 
had s ig n i f i c a n t ly  lo w er  p u lm o n a ry  fu n c t io n  v a lu e s  and  a g r e a t e r  prevalence of 
respiratory  symptom s than workers in o ther jobs.

E xposu re  d a t a  w e re  no t r e p o r t e d  and  con tro l groups w ere not used in these 
s tu d ie s  [ 9 8 , 9 9 ] ,  severely limiting the ir  usefulness. The authors did not reveal the 
s o u rc e  of d a t a  on p r e d i c t e d  p u lm o n a ry  fu n c t io n  v a lu e s ,  so i t  is im poss ib le  to 
determ ine the  relevance of these data  to the worker population studied.

Only one study, a  1975 NIOSH health  hazard evaluation by Hervin and Thoburn 
[ 1 0 0 ] ,  has  b een  found  on w o rk e rs  e x p o se d  to  HDI. T hese  w o rk e rs ,  18 sp ray  
p a in te r s  in an airplane repair fac i lity ,  w ere exposed to  HDI a t  up to  300 u g /c u  m 
(40 ppb); th e y  w e re  a lso  e x p o se d  to  t r i m e r i c  b iu re t compounds of HDI a t  up to
3,800 y g / c u  m and  to  a v a r i e ty  of o rg an ic  solvents a t  concentra tions  above the 
F e d e ra l  s ta n d a r d s .  P u lm o n a ry  fu n c t io n  m e a s u re m e n t s  in spray pain ters  and the 
d e c r e m e n t s  in th e s e  m e a s u r e m e n t s  over the workshift did not d iffer significantly 
f ro m  v a lu es  in 40 contro ls  who worked during sh ifts  when spray painting was never 
p e r fo rm e d .  All th e  sp ra y  p a i n t e r s ,  who w ore  r e s p i r a t o r s  b u t  no eye p ro tec tive  
d e v ic e s ,  c o m p la in e d  of eye ir r i ta t io n  while painting, and about half complained of 
nose  and  t h r o a t  i r r i t a t i o n ,  cough , and  c h e s t  d iscom fort. The authors mentioned 
t h a t  th e  r e s p i r a t o r  p ro g ra m  w as d e f ic ie n t  in many respects. This report suggests 
th a t  MDI produces symptom s similar to  those from TDI and MDI. However, i t  does 
no t p ro v id e  any in d ic a t io n  of th e  c o n c e n t r a t i o n s  of HDI th a t  produce irr i ta tion , 
s in ce  t h e r e  was s im u l ta n e o u s  exposure to organic solvents and to  tr im eric  HDI a t  
rela tively  high concentrations.

Animal Toxicity

The a c u t e  toxicity  of several diisocyanates, including TDI, MDI, HDI, NDI, and 
IP D I ,  h a s  b e e n  s t u d i e d  in  l a b o r a t o r y  a n im a ls .  R e s u l t s  o f  LD50 and  LC50 
d e t e r m in a t io n s  fo r  d i i s o c y a n a te s  a re  presented  in Table XI-3 [2 ,5 ,36,91,101-104]. 
All th e  d iisocyanates  th a t  have been studied caused ir r i ta t io n  when applied directly  
to  th e  skin  of rabbits  or instilled into their eyes. Their po ten tia ls  as skin and eye 
ir r i tan ts ,  de term ined  from these studies, a re  sum m arized in Table XI-4 [2 ,1 0 4 ] .
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Several studies have also evaluated  the  e f fec ts  of exposing animals to  sublethal 
c o n c e n t r a t i o n s  o f  d i i s o c y a n a te s .  In 1962, Duncan e t  al [101 ]  exposed mice, ra ts ,  
g u i n e a  p i g s ,  a n d  r a b b i t s  to  TDI a t  2 -10  ppm  (14-70  m g /c u  m) fo r  4 hours .  
C h a m b e r  c o n c e n t r a t i o n s  w e re  m e a s u re d  by th e  M arca l i  m e th o d .  M ic ro sco p ic  
e x a m in a t io n s  of t i s s u e  s e c t i o n s  showed trache it is  and bronchitis with sloughing of 
the superficial epithelium in animals exposed to  TDI a t  2 ppm and killed by the  4th 
day  a f t e r  exposure. Lungs of animals killed 7 or more days a f te r  exposure did not 
d i f f e r  s ig n i f i c a n t ly  f ro m  th o s e  of c o n t ro l s ,  s u g g e s t in g  t h a t  th e  e f f e c t s  w e re  
r e v e rs ib le .  In animals exposed a t  5 or 10 ppm, dam age was more severe and long- 
la s t in g .  T h e re  w e re  a r e a s  o f  c o a g u la t io n  n e c ro s is  of the superficial epithelium 
s u r ro u n d e d  by in f l a m m a to r y  c e l l s ,  and  a t  p o in ts  o f  d eep  u lceration , connective 
t i s s u e  had d ev e lo p e d .  B ro n c h o p n e u m o n ia  d e v e lo p e d  in all species excep t mice. 
S ince  th e  a n im a ls  w e re  e x p o se d  on ly  o n c e ,  th i s  lung d am ag e  was the  result of 
i r r i ta tion  ra th e r  than an allergic reaction.

In a n o th e r  1962 s tu d y ,  H ensch le r  e t  al [3 8 ]  exposed ra ts  and guinea pigs to 
TDI repeated ly  a t  concentra tions  of 0.1-10 ppm (0.7-70 m g/cu m). In ra ts ,  th ree  4- 
hour e x p o s u re s  a t  10 ppm were le tha l for all animals; four exposures a t  5 ppm or 
10 e x p o s u re s  a t  1 ppm w e re  l e th a l  fo r  most rats .  At 0.5 ppm, adult ra ts  could 
w i th s ta n d  24 exposures ,  bu t this exposure regimen killed about half the  young ra ts  
ex p o sed .  M ost d e a th s  w ere  due to  severe peribronchitis and bronchial pneumonia. 
In su rv iv in g  a n im a ls ,  lung c h a n g e s  w e re  r e v e r s ib le  within several months. R ats  
e x p o s e d  a t  0.1 ppm fo r  40 e x p o s u re s  had  no c h a n g e s  in th e  lungs t h a t  w e re  
a t tr ib u tab le  to TDI exposure, but they did gain less weight than controls. In guinea 
p igs ,  th e s e  a u th o rs  w ere  unable to  find any evidence of sensitiza tion  to  TDI a f te r  
48 exposures a t  0.5 ppm, which was le tha l to  most of the  animals.

These results were qualita tively  similar to  those reported  by Zapp [3 6 ]  5 years 
e a r l i e r ,  b u t  H e n s c h le r  e t  a l [ 3 8 ]  o b ta in e d  th e s e  results a t  about one- ten th  the 
e x p o su re  le v e ls  t h a t  Zapp r e p o r te d .  Henschler and coworkers suggested th a t  the 
d i s c re p a n c y  m ig h t  have  r e s u l t e d  f ro m  th e  d ifference in methods used to  analyze 
c h a m b e r  c o n c e n t r a t i o n s  o f  TDI. Zapp had used the method of R an ta ,  which also 
m e a su re s  d eco m p o s i t io n  products of TDI. In the la te r  study, the  authors used the 
m e th o d  described  by Ehrlicher and Pilz [3 9 ] ,  which is based on the same principle 
as the Marcali method [1 0 5 ] ;  these two methods were said to  give identica l results  
[ 3 8 ] .

In 1965, N iew enhu is  e t  al [106]  described the e f fec ts  on animals of repea ted  
e x p o s u re  to  TDI a t  a  low c o n c e n t r a t i o n .  They exposed ra ts ,  rabbits, and guinea 
pigs to  TDI a t  0.1 ppm (0.7 m g/cu m), 6 hours/day for e i the r  38 consecutive days 
or 5 d a y s /w e e k  fo r  58 ex p o su res .  Cham ber concentra tions  were m easured by the  
Marcali method.

Lung d a m a g e  in th e se  animals generally increased  in severity  for several days 
a f t e r  e x p o su re  en d ed  [ 1 0 6 ] .  A ra b b i t  examined im m ediately  a f te r  exposure had 
e s s e n t i a l ly  n o rm a l  lungs, bu t animals killed 3-10 days la te r  had bronchopneumonia, 
bronchitis, perivasculitis, and lung abscesses. A rabbit killed a f te r  20 days had only
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c h ro n ic  bronchitis. R a ts  killed im m ediately  had less inflam m ation than those killed 
l a t e r ,  bu t  f ib ro u s  tissue had pro life ra ted  in the walls of the  bronchioles in several 
r a t s .  At 3-24 days a f t e r  e x p o s u re ,  in f l a m m a t io n  w as m arked, and animals had 
b ronchopneum onia , extensive fibrous tissue proliferation, and polypoid hyperplasia of 
th e  e p i th e l iu m .  All contro l ra ts  had bronchiectasis, which the  authors a t t r ib u ted  to 
c h ro n ic  m u r in e  p n eu m o n ia .  In guinea pigs, th e re  were localized accum ulations of 
ly m p h o c y te s ,  m a c ro p h a g e s ,  and  p la sm a  c e l ls  th r o u g h o u t  th e  lungs and  varying 
degrees of pneumonitis and bronchopneumonia. No abnorm alities of the  heart ,  liver, 
kidneys, lymph nodes, or spleen were found in any of the  animals.

The a u th o rs  [ 1 0 6 ]  s u g g e s te d  t h a t  th e  a b s e n c e  o f  in f la m m a tio n  in animals 
e x a m in e d  im m e d ia te ly  a f te r  exposure ind icated  th a t  la te r  damage was caused by a 
s e c o n d a ry  infec tion . They in te rp re ted  the ir  results  as indicating th a t  TDI exposure 
in h ib i ts  th e  a c t io n  o f  d e s t r u c t i v e  o rg a n ism s  b u t  a lso  b re a k s  down th e  norm al 
p r o t e c t iv e  m e c h a n ism s  of the  body, thus making the  exposed animal vulnerable to 
l a t e r  in f e c t io n s .  T he ir  findings of lung damage in animals exposed a t  0.1 ppm do 
no t a g r e e  w ith  th e  e s s e n t i a l ly  n e g a t iv e  r e s u l t s  o f  H enschler e t  al [3 8 ]  in ra ts  
r e c e iv in g  s im i la r  e x p o s u re s .  The d i f f e r e n c e  m ay be a t t r i b u t a b l e  to secondary 
in f e c t io n ,  e s p e c ia l ly  s in ce  b r o n c h ie c ta s i s  was observed in control anim als in this 
study [1 0 6 ] .

In a  1964 r e p o r t  from  th e  USSR, Chizikov [7 0 ]  a t te m p te d  to determ ine the 
e f f e c t s  of e x p o s u re  a t  v e ry  low concen tra tions  of TDI. Groups of 15 white ra ts  
w e re  exposed  continuously to  TDI for 84 days a t 2,000, 200, and 20 Ug/cu m (280, 
28, and 2 .8 ppb). Exposure  a t  2,000 Ug/cu m caused re ta rded  weight gain, a 35- 
50% in c re a s e  in cholinesterase ac tiv ity ,  a decrease in the  albumin-to-globulin ratio , 
and  p o rp h y r in u r ia .  E f f e c t s  o f  e x p o su re  a t  200 U g /cu  m w e re  similar but less 
s e v e re .  E f f e c t s  on the CNS w ere ind icated  by inverse flexor and ex tensor muscle 
c h r o n a x y  r a t i o s  in  a n im a ls  e x p o se d  a t  2 ,000  o r  200 u g / c u  m. M ic ro sco p ic  
e x am in a t io n  showed degeneration in the parenchym atous organs and inflam m ation  of 
th e  r e s p i r a t o r y  t r a c t .  Results  of te s ts  on animals exposed a t  20 u g /c u  m did not 
differ from those of controls.

The to x i c i t y  o f  i s o p h o ro n e  d iiso c y a n a te  (IPDI) was investigated  by Kimmerle 
[ 1 0 4 ] .  He exposed groups of 20 male ra ts  4 hours/day, 5 days/week, for 4 weeks 
to  IPDI a t  250, 640, and 1,370 U g /cu  m. No obv ious  s igns o f  to x i c i t y  w e re  
o b s e r v e d  du ring  th e  t e s t .  R a t s  e x p o s e d  a t  th e  h ig h e s t  c o n c e n t r a t i o n  g a in ed  
s ig n i f i c a n t ly  le ss  w e ig h t  th a n  th o s e  a t  th e  lo w e s t  c o n c e n t r a t i o n  (P<0.05). No 
s ig n i f i c a n t  d i f f e r e n c e s  b e tw e e n  exposure groups were found in blood composition, 
l iv e r  fu n c t io n ,  u r in a ly s is ,  or k idney  fu n c t io n ,  and  no dam age  to  any organ was 
o b se rv e d  in m a c ro s c o p ic  exam inations . However, th e re  was an increased  lung-to- 
body w e ig h t  r a t i o  in the high-exposure group. Animals exposed a t  1,370 u g /c u  m 
had s ig n i f i c a n t ly  lo w er  l iv e r  and spleen weights than those exposed a t  250 u g /c u  
m. The author did not suggest an in te rp re ta t io n  of these  differences.

L o m o n o v a  and  F ro lo v a  [ 5 ]  c o m p a re d  th e  to x ic  e f f e c t s  o f  in h a la t io n  of 
hexam ethylene diisocyanate (HDI) with those of chlorhexyl isocyanate (CHI), a  major
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b y p ro d u c t  of HDI m a n u f a c tu r e .  R e s u l t s  of t h e i r  2 -h o u r  LC 50 studies  in mice 
show ed t h a t  HDI w as  2.3 tim es as toxic as CHI. The threshold concen tra tion  for 
in f lu e n c e  on t h e  CNS in m ic e  was 1 m g/cu m for HDI and 10 m g/cu  m for CHI, 
a l th o u g h  th e  th re s h o ld  c o n c e n t r a t i o n s  fo r  resp ira to ry  ir r i ta t io n  w ere s im ilar~ 2 .9  
m g/cu m for HDI and 4.5 m g/cu m for CHI.

In albino ra ts  exposed to  each substance a t  60 m g/cu  m for 4 hours, maximum 
w e ig h t  loss  o c c u r r e d  7 days  a f t e r  e x p o s u re  to  HDI, bu t not until 15 days a f te r  
e x p o su re  to  CHI [ 5 ] .  G r e a t e r  h y p o th e rm ia ,  eosinopenia, and lymphopenia w ere 
found  in H D I-ex p o sed  anim als, suggesting th a t  this compound caused a  generalized 
s t r e s s  r e a c t io n .  Most deaths in HDI-exposed ra ts  occurred  5-7 days a f te r  exposure, 
w hile  m o s t  d e a th s  in C H I-e x p o se d  r a t s  o c c u r r e d  17-19 days  l a t e r .  Microscopic 
e x a m i n a t i o n  of lung  t i s s u e  f ro m  b o th  g roups  of a n im a ls  show ed  m ild  e d e m a ,  
bronchitis, emphysema, peribronchitis, and pneumonia.

The a u th o rs  [ 5 ]  a lso  e x p o se d  m ic e  to  b o th  co m p o u n d s  a t  fractions  of the 
LC50 for longer periods of tim e. Doubling the  duration of exposure to  CHI a t  half 
th e  LC50 p ro d u c e d  no deaths ,  bu t mice died from HDI exposure a t  less than one- 
f o u r th  th e  LC50 w hen e x p o s u re  t im e  w as  inc reased  proportionately , indicating a  
dose-dependent toxicity .

M ice and r a t s  w ere also exposed 4 hours/day for 40 days to  HDI a t  about 1.2 
m g /c u  m and to  CHI a t  a b o u t  2 .9 m g /c u  m [ 5 ] .  R e p e a t e d  e x p o s u re  to  HDI 
c a u s e d  s t a t i s t i c a l l y  s i g n i f i c a n t  d e c r e a s e s  in body w e ig h t  ga in  and  oxygen  
c o n su m p t io n  in b o th  s p e c ie s .  F o rced  swimming tim e  a h o  decreased  in m ice, but 
CNS c a p a c i ty  to  a s s im i la t e  s u b th re s h o ld  im p u lse s  in c re a s e d .  Exposure to  CHI 
caused only a nonsignificant decrease  in weight gain.

A c c o rd in g  to  th e  a u th o r s  [ 5 ] ,  adding chlorine to the molecule of an organic 
com pound  would be e x p e c te d  to  in c r e a s e  th e  tox icity  of the  compound. Y et the 
r e s u l t s  of th is  series of experim ents  showed th a t  HDI was substantially  m ore toxic  
th a n  CHI. The f a c t  t h a t  th e  l e t h a l i t y  of HDI was dose dependent may indicate  
t h a t  th e  com pound  is a b s o rb e d  s y s t e m ic a l ly ,  while the e f fe c ts  of CHI appear to  
resu lt only from local ir r i ta tion  of the resp ira tory  t r a c t .

Kondratyev and Mustayev [107] dem onstra ted  skin sensitizing e f fe c ts  of HDI in 
experim enta l animals in 1974. Guinea pigs were sensitized by application of HDI in 
50% so lu t io n  in ace tone  to  the skin for 2 days in a row. An initial i r r i tan t  e f fe c t  
in  t h e  f o r m  o f  h y p e re m ia ,  e d e m a ,  and  i t c h in g  w as o b s e rv e d  a t  th e  s i t e s  of 
a p p l ic a t io n .  A fter  21 days, the  degree of sensitization was de term ined  by applying 
HDI in v a r io u s  c o n c e n t r a t i o n s  to  p re v io u s ly  unexposed  skin. A specific  a llergic  
r e a c t io n  was seen in most animals a t  concentrations as much as 40 tim es less than 
t h e  p r e v i o u s l y  d e t e r m i n e d  t h r e s h o l d  dose  of 50% fo r  sk in  i r r i t a t i o n .  The 
e p ic u ta n e o u s  se n s i t iz a t io n  observed was also accompanied by changes in the blood- 
se ru m  p ro te in  f r a c t i o n s .  This s tu d y  su g g e s ts  th a t  skin co n tac t  with HDI in the 
workplace could lead to  allergic  derm atit is .
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Kim m erle [104] found th a t  IPDI produced m odera te  skin sensitization  in guinea 
pigs. His e x p e r im e n ta l  m e th o d s  w ere  no t described but w ere said to  follow the 
r e c o m m e n d a t i o n s  o f  th e  Food  and  D rug  A d m in i s t r a t io n .  IPDI, a d m in is te r e d  
in t r a d e r m a l ly ,  p ro d u c e d  a  la rg e r  a rea  of swelling on rein jection than it had in an 
earlier  injection in all 15 guinea pigs tested .

A nim al e x p e r i m e n t a t i o n  h as  b e e n  used  in s e v e r a l  studies to  investigate  the 
m echanism  of sensitization  to diisocyanates. In 1964, Scheel e t  al [5 1 ]  investigated  
th e  immunologic aspects  of TDI sensitization . The authors produced TDI antigens by 
c o n ju g a t in g  TDI with egg albumin; they a t te m p te d  to  ch a ra c te r ize  the antigen, and 
th e i r  m e th o d  o f  p r e p a r a t i o n ,  w ith  m o d i f ic a t io n s ,  becam e the standard  for many 
su b se q u e n t  immunologic studies on TDI. TDI-specific antibodies were dem onstra ted  
in r a b b i t s  exposed  to TDI by inhalation a t 100 ppb (700 Ug/cu m) 6 days/week for
2-4 weeks. When a purified protein derivative of the tubercule  bacillus was injected 
during TDI inhalation, a  skin sensitivity response to TDI could also be dem onstrated; 
a n i m a l s  so  t r e a t e d  r e a c t e d  t o  0 .001 mg of TDI a p p l ie d  to  th e  sk in ,  w hile  
u n s e n s i t i z e d  a n im a ls  r e a c t e d  only  to  0.2 mg. When the proportion of TDI in the 
a n t ig e n  w as increased, the an tigen ic ity  of the protein  was masked so th a t  it would 
no t  r e a c t  w ith  a n t ib o d ie s  to  egg albumin. This dem onstra ted  th a t  the circulating
antibodies contained a  reac ting  group specific  for the TDI hapten.

T hom pson  and  S ch ee l  [ 1 0 8 ] ,  in 1968, investigated the e f fe c ts  of TDI on ra ts  
p r e t r e a te d  with alloxan to  suppress anaphylaxis or with insulin and pertussis vaccine 
to  enhance the responses. R a ts  were exposed to TDI a t  1 ppm (7 m g/cu m) for 10 
hou rs .  A lth o u g h  th e  a u th o r s  found  th a t  p re tre a tm e n t  a l te red  the  e f fec ts  of TDI 
e x p o s u r e  on  t h e  lu n g s  in  t h e  p r e d i c t e d  d i r e c t io n ,  th e y  c o n c lu d e d  t h a t  th e  
m e c h a n ism  of lung damage was not immunologic. This in te rp re ta t ion  was based on 
th e i r  in a b i l i ty  to  e l i c i t  a  r e a c t i o n  to  cutaneous or intravenous challenge and the 
f a c t  t h a t  r e e x p o s u re  to TDI produced less response than the original exposure. In 
a d d i t i o n ,  m ic ro s c o p ic  f in d in g s  in d i c a te d  t h a t  th e  lung e f f e c t s  p ro d u c e d  w ere  
c o n s i s t e n t  with chem ical dam age ra the r  than an immunologic process and th a t  they
occurred  primarily in the  f irs t  few days a f te r  exposure.

In 1970, S te v e n s  and  P a lm e r  [ 1 0 9 ]  s tu d ie d  sens itiza tion  in guinea pigs and 
rh esu s  m onkeys e x p o se d  to  TDI a t  0 .01 -5  ppm fo r  th r e e  6-hour periods. Three 
w eeks  l a t e r ,  th e s e  a n im a ls  and previously unexposed animals were exposed to TDI 
a t  20 ppb (140 u g / c u  m). B re a th in g  p a t t e r n s  of the animals were measured by 
plethysmography to d e te c t  changes indicative of resp ira tory  sensitivity .

G u in e a  p ig s  p r e v i o u s l y  e x p o s e d  to  TDI a t  2-5  ppm  show ed  c h a n g e s  in 
r e s p i r a to r y  p a t t e r n s  when exposed a t 20 ppb, but controls did not re a c t  to  TDI a t 
th i s  c o n c e n t r a t i o n  [ 1 0 9 ] .  P a tc h  t e s t s  show ed  sk in  s e n s i t i z a t i o n  to  TDI, bu t  
s e ro lo g ic  t e s t s  fo r  sen s i t iz a t io n  were negative. Guinea pigs preexposed to TDI a t  
0.5 ppm did n o t  show  m e a su ra b le  respiratory  changes, suggesting th a t  a  threshold 
fo r  s e n s i t i z a t i o n  e x i s t e d  b e tw e e n  0.5 and  2.0 ppm . T h e re  w as no evidence of 
s e n s i t i z a t i o n  in m o n k ey s  a f t e r  r e e x p o s u re ,  and  th e r e  were no serologic changes 
in d ic a t iv e  of s e n s i t i z a t io n .  The authors concluded th a t  exposure to large amounts
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of TDI m ay p ro d u c e  s e n s i t i v i t y  to  TDI in lo w er  c o n c e n t r a t i o n s ,  b u t  t h a t  this 
s e n s i t i v i ty  m ig h t  no t  involve an allergic  mechanism. However, they noted th a t  the 
d i f f i c u l ty  in preparing  a  suitable an tigenic  system made i t  impossible to  de term ine  
whether an immunologic mechanism was involved.

K aro l  e t  al [1 1 0 ] ,  in 1978, w ere able to  dem onstra te  the production of serum 
a n t ib o d ie s  s p e c i f i c  fo r  the  tolyl portion of an isocyanate  molecule. They exposed 
g u in e a  pigs by in h a la t io n  to  a conjugate  of the monofunctional p-tolyl isocyanate 
w ith  egg  a lbum in  (EA). This antigen induced a  resp ira tory  response in the  animals 
b eg in n in g  a b o u t  th e  8th day of exposure, and serum antibodies were d e tec ta b le  by 
ge l d i f fu s io n  and  im m u n o e le c t ro p h o re s is  by the  14th day. The authors concluded 
t h a t  the  antibodies w ere hapten-specific , since p-tolyl isocyanate th a t  was bound to 
a n o th e r  p ro te in  c a r r i e r ,  su ch  as  b o v in e  s e ru m  albumin, e l ic i ted  both respiratory  
r e a c t io n s  and  se ru m  a n t ib o d y  re s p o n s e s  in a n im a ls  p re v io u s ly  sensitized  to  the 
i s o c y a n a te -E A  a n t ig e n .  In addition, sensitivity to  the EA ca rr ie r  in the  conjugate 
w as n o t  produced, suggesting to  the  authors th a t  the conjugate contained sufficient 
i s o c y a n a te  m o le c u le s  to  e f f e c t i v e l y  sh ie ld  a n t ig e n ic  de term inan ts  in the  protein 
m o le c u le .  In a  subsequen t study, which has been described in Effec ts  on Humans, 
K a ro l  and  her  c o l le a g u e s  [ 6 2 ]  used this antigen to  dem onstra te  IgE antibodies in 
the  sera  of workers who had sensitiv ity  reac tions  to  TDI.

M utagenicity tes t ing  on TDI, MDI, and dicyclohexylmethane 4,4 '-diisocyanate has 
b e e n  p e r f o r m e d  in  D u P o n t ' s  H a s k e l l  L a b o r a t o r y  (3 F o d e r a r o ,  w r i t t e n  
com m unica tion , June 1978). The compounds were te s ted  on Salmonella typhimurium 
s t r a in s  TA1535, TA1537, TA1538, TA98, and TA100, with and w ithout a  mammalian 
l iv e r  m icrosom e ac tiva ting  system. MDI was m utagenic in strains TA98 and TA100 
in th e  p r e s e n c e  of the  liver ac t iva ting  system. The o ther diisocyanates te s ted  did 
n o t  sh o w  m u t a g e n i c  a c t i v i t y .  D e t a i l s  of th e  e x p e r im e n ta l  p ro c e d u r e  and  
quan tita t ive  results  were not provided.

C orre la tion  of Exposure and E ffec t

In th e  e a r ly  days of the  industry, a  large proportion of the  workforce exposed 
to  TDI d e v e lo p e d  r e s p i r a t o r y  i l ln e s s e s  [ 2 9 - 3 1 ] .  C oncen tra tions  in these studies 
w e re  se ldom  r e p o r t e d  b u t  w e re  p robably  very high. These studies indicated tha t 
e x p o su re  to  TDI c a u s e d  r e s p i r a t o r y  i r r i t a t i o n ,  p ro g re s s in g  in so m e  w orkers  to 
a s t h m a  [ 2 0 , 2 1 ,3 2 ] .  C o n t in u e d  e x p o s u re  a t  h igh c o n c e n t r a t i o n s  has  p ro d u c e d  
p u lm o n a r y  e d e m a ,  o c c a s io n a l ly  r e s u l t in g  in f a t a l i t i e s  [ 2 2 , 2 7 ] .  O ne  c a s e  of 
in te rs ti t ia l  pneumonitis has been a t t r ib u ted  to  TDI [ 4 2 ] ,

The m any r e p o r t s  o f  r e s p i r a to r y  e f f e c t s  f ro m  e x p o s u re  to  TDI ind ica te  a 
g e n e ra l  co rre la t io n  with exposure concentrations. The c lea res t  evidence for such a 
re la t io n sh ip  is th a t  the  number of a f fe c te d  workers decreases as concen tra tions  are  
re d u c e d .  Elkins e t  al [3 2 ]  determ ined  average concentra tions  a t  14 plants with a 
to ta l  workforce of 379 where 43 established cases of TDI in toxication  had occurred. 
In th e  p la n t  w ith  th e  h ig h e s t  a v e r a g e  c o n c e n t r a t i o n ,  200 y g / c u  m, 14 of 100
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w o rk e rs  d e v e lo p e d  resp iratory  illnesses in 1 year. In all o ther  plants with average 
TDI c o n c e n t r a t i o n s  above 70 y g /c u  m, th e re  were cases of resp iratory  illness, but 
none occurred a t  plants where TDI concentra tions  averaged  30 Ug/cu m or less.

The a d v e r s e  e f f e c t s  o f  TDI on th e  lungs m ay r e s u l t  f ro m  d irec t ir r i ta tion  
c a u se d  by e x p o su re  a t  re la tively  high concentrations. An experim ent on volunteers 
[ 3 8 ]  show ed  th a t  one of six subjects experienced ir r i ta t io n  of the nose and th roa t 
du ring  a 1 0 -m in u te  ex p o su re  a t  710 y g /c u  m and th a t  all experienced  i t  a t  3,600 
y g /c u  m; however, these  subjects did not report chest symptoms. In an automobile 
p la n t ,  a ll  12 w o rk e rs  exposed to  TDI developed severe resp iratory  sym ptom s when 
TDI c o n c e n t r a t i o n s  w e re  30-70  ppb (210-500  y g / c u  m) [ 7 9 ] .  Their symptoms 
disappeared when concen tra tions  remained below 30 ppb.

A c u te  and  c h ro n ic  r e s p i r a t o r y  e f f e c t s  caused by exposure to  TDI have been 
r e p o r te d ,  but the  results  of such studies have been inconsistent. Results  appear to 
d i f f e r  s u b s t a n t i a l l y  d e p en d in g  on th e  ty p e  of opera tion  or process in which TDI 
e x p o su re  o c c u r s .  In a s p ra y in g  operation, where TDI concen tra tions  reached  6,400 
y g / c u  m, G an d e v ia  [ 8 1 ]  found a  significant decrease  in FEV 1 during the  course 
o f  a w orkday  in 20 e x p o se d  men. This decrease was not fully reversed  overnight 
or on the weekend and the  cum ulative decrease over 3 weeks was also significant.

In a  TDI distilling operation  where concentra tions  w ere generally less than 140 
y g / c u  m, Williamson Ll7] found no significant changes, com pared with preexposure 
b a se l in e  v a lu e s ,  in th e  p u lm o n a ry  fu n c t io n  of 21 men over 14 months. He also 
reported  l i t t le  d ifference betw een Monday and Friday values.

In a n o th e r  ty p e  of exposure situation, a polyurethane foam plant, P e te rs  e t  al 
[ 8 4 - 8 7 ]  found  s ig n i f i c a n t  d a i ly ,  w e e k ly ,  and cum ulative decreases over a 2-year 
p e r io d  in w orkers  exposed a t  concentra tions  below about 100 y g /c u  m. This study 
did no t in c lu d e  preexposure m easurem ents, but the mean annual decrem en t in FEV 
1 of 0.11 l i t e r / y e a r  w as c o n s id e ra b ly  higher than  those the authors found in the 
l i t e r a t u r e  fo r  n o rm a l  working and general populations, which ranged from 0.025 to  
0.047 l i t e r / y e a r .  FEV 1 w as m e a su re d  every  6 months and showed a  significant 
d e c r e m e n t  e a c h  t im e  e x c e p t  du r in g  one  6 -m on th  period when the maximum TDI 
c o n c e n t r a t i o n  d e t e c t e d  w as only  11 y g /c u  m [ 8 7 ] .  The authors also found th a t  
th e  da ily  d e c r e m e n t  d u r in g  th e  w o rk sh i f t  was closely co rre la ted  with the  annual 
decrem ent for each individual.

A t a n o th e r  polyurethane foam plant, Wegman e t  al [89 ,90] reported  finding a 
s ignificant dose-re la ted  loss of lung function in a 2-year study. Workers exposed a t  
14-21 y g /cu  m had a decrease in FEV 1 of 0.085 l i te r /y e a r  (SD = 0.177), while the 
an n u a l  d e c r e m e n t  w as 0 .205  l i te r  (SD = 0.185) in those exposed a t  concentrations 
above this range and 0.012 l i te r  (SD = 0.204) a t  lower concentra tions.

A long-term study of workers in a TDI-manufacturing plant, conducted  by Weill 
e t  al [ 5 7 ,5 9 ,9 2 ]  and  B u tc h e r  e t  a l [ 5 4 ,5 8 ,6 2 ] ,  showed no significant exposure- 
r e l a t e d  c h a n g e s  in lung  function. TDI concen tra tions  in the  plant generally  ranged
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f ro m  14 to  50 u g / c u  m du ring  th e  5 .5 -y e a r  study. The en tire  study population, 
which included controls from elsew here in the chem ical fac to ry  not exposed to  TDI, 
had e x c e s s iv e  d e c l in e s  in som e  p u lm o n a ry  function m easurem ents  com pared with 
p r e d i c t e d  v a lu e s ,  b u t  t h e r e  w as  no d i f f e r e n c e  b e tw e e n  g ro u p s  w i th  c o n s ta n t ,  
i n t e r m i t t e n t ,  and  no exposu re ,  and decreases were not co rre la ted  with cum ulative 
exposu res .  These findings are  questionable on the basis th a t  the  control group may 
h a v e  b e e n  so  a f f e c t e d  by e x p o s u r e  to  o th e r  c h e m ic a l s  t h a t  th e  s tu d y  was 
insensitive to possible e f fec ts  of TDI exposure.

The d i s a g r e e m e n t  o f  th e s e  findings with those obtained in polyurethane foam 
p la n ts  [ 8 7 ,9 0 ]  m ay a lso  r e f l e c t  d i f f e r e n c e s  in exposure to  o ther chem icals and 
f a i l u r e  to  d e tec t  occasional excursions to  much higher exposure concen tra tions  than 
th o se  u su a l ly  prevailing. Both TDI m anufacturing and polyurethane foam production 
involve mixed exposures, but in the  la t te r  process, exposures to  o ther chem icals a re  
l ik e ly  to  be m uch  m o re  c lo se ly  c o r r e l a t e d  w ith  e x p o s u re s  to  TDI. Thus, the  
a p p a r e n t  dose-response relationship to  TDI exposure in the polyurethane foam plant 
[ 9 0 ]  m ay be misleading. In the absence of confirm ation  by o ther investigators , the 
f ind ings  o f  th e s e  s tu d ie s  [ 8 7 ,9 0 ]  c a n n o t  be r e g a r d e d  as conclusive evidence of 
a d v e r s e  e f f e c t s  by TDI a t  c o n c e n t r a t i o n s  be low  140 (ug/cu m). In both of the 
p o ly u re th a n e  foam  p la n ts  studied, the study populations were small and th e re  was 
c o n s id e ra b le  tu rn o v e r  d u r in g  th e  p e r io d  o f  th e  in v e s t ig a t io n s .  The populations 
e v a lu a te d  in c lu d ed  b o th  s e n s i t i z e d  and  u n se n s i t iz e d  workers. P e te rs  e t  al [87 ] 
in d ic a te d  t h a t  2-year decreases  in FEV 1 were tw ice as g rea t  in workers reporting 
sy m p to m s  as  in those th a t  did not. The large s tandard deviations th a t  Wegman e t 
al [ 9 0 ]  o b ta in e d  fo r  2 -y e a r  d e c r e m e n t s  in p u lm o n a ry  f u n c t io n  a lso  sugges t a 
p o p u la t io n  t h a t  m ay no t  h av e  b e e n  n o rm a lly  d istributed and may have contained 
s e p a r a t e  subgroups of sensitized and unsensitized individuals. Only sum m arized  data  
w e re  p r e s e n te d  in these  studies. Since experim ental values obtained for individual 
s u b je c t s  w e re  not r e p o r t e d ,  e v a lu a t io n  of the study population is lim ited  and the 
significance of the reported  findings remains equivocal.

S e v e ra l  s tu d ie s  h av e  show n t h a t  s e n s i t iv e  persons re a c t  to  TDI a t  very low 
c o n c e n t r a t i o n s  and t h a t  t h e i r  r e s p o n s e s  a r e  d o s e - r e l a t e d .  B u tc h e r  e t  a l [ 5 4 ]  
r e p o r t e d  t h a t  som e s e n s i t i v e  in d iv id u a ls  r e a c t e d  a t  70 U g /cu  m but not a t  35 
U g /cu  m, and tw o  p e rs o n s  who r e a c t e d  a t  th e  l a t t e r  c o n c e n t r a t i o n  w e re  not 
a f f e c t e d  by a  c h a l le n g e  e x p o su re  a t  20 u g / c u  m [ 5 7 ] .  C a r r o l l  e t  a l [ 4 5 ]  
o b ta in e d  a s th m a t i c  r e a c t io n s  in s e n s i t i z e d  p e rso n s  cha l lenge -tes ted  with TDI a t 
a b o u t  7 u g / c u  m. Som e o f  th e s e  s u b je c t s  r e a c t e d  a f te r  a 15-minute exposure, 
w hile  o th e r s  r e a c t e d  only  i f  e x p o s u re  l a s t e d  30 or 60 m in u te s .  O 'Brien e t al 
[ 4 6 ,4 7 ]  found  t h a t  a b o u t  25-50%  of s e n s i t i z e d  w o rk e rs  who reac ted  to  TDI in 
c h a l le n g e  t e s t s  r e sp o n d e d  to  e v e n  t r a c e  a m o u n ts  o f  TDI ( le s s  than 1 ppb or 7 
U g /c u  m) w i th  a d e c r e a s e  in p u lm o n a ry  f u n c t io n ;  th e s e  e x t r e m e l y  s e n s i t iv e  
in d iv id u a ls  a lso  te n d e d  to  be h av e  b ro n c h ia l  r e a c t io n s  to  e x e r c i s e ,  h i s ta m in e  
in h a la t io n ,  and  o th e r  d i i s o c y a n a te s .  In one  plant, workers tran sfe rred  away from 
fo am in g  o p e ra t io n s  b e c a u se  th e y  had  b e c o m e  s e n s i t iv e  to  TDI still experienced
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r e s p i r a t o r y  sy m p to m s  in a r e a s  of th e  p la n t  w h e re  c o n c e n tra t io n s  were below 7 
y g / c u  m [ 9 3 ] .  No one  h as  d e m o n s t ra te d  a  concen tra tion  of TDI below which no 
sensitized individual will have a  resp iratory  reaction.

A t t e m p t s  t o  d e t e r m in e  th e  c o n c e n t r a t i o n s  o f  TDI n e c e s s a r y  to  p ro d u c e  
sensitization  have not been fru itfu l.  Porte r  e t  al [5 6 ]  reported  th a t  th e re  were no 
n ew  c a s e s  o f  s e n s i t i z a t i o n  in  a TD I p l a n t  in 2 y e a r s  w h e n  a v e r a g e  TDI 
c o n c e n tra t io n s  were below 140 y g /c u  m; during the  previous 16 years of operation, 
w hen TDI concentra tions  had averaged 350-420 y g /c u  m, from one to  four cases of 
s e n s i t i z a t i o n  had  b e e n  d ia g n o sed  each year, the number gradually decreasing with 
in c re a s in g  le n g th  o f  o p e r a t io n .  Superfic ia lly ,  these data  suggest an average TDI 
e x p o su re ,  140 y g / c u  m, be low  w hich  s e n s i t i z a t i o n  does  n o t  o c c u r .  H ow ever, 
e x a m in a t io n  of th e  da ta  reveals th a t ,  even during the  years when the average TDI 
c o n c e n t r a t i o n  re m a in e d  constan t a t  420 y g /c u  m (1956-1969), the re  was a general 
d e c l in e  in the number of cases of sensitization, suggesting th a t  po ten tially  sensitive 
in d iv id u a ls  may hav e  b e c o m e  sen s i t iz ed  and le f t  the workforce during the ir  early 
y e a rs  o f  e m p lo y m e n t .  Thus, th e s e  f in d in g s  do n o t  ru le  out the possibility th a t  
s e n s i t i z a t i o n  m ight develop in newly hired workers exposed a t  less than 140 y g /c u  
m for longer periods of tim e.

S e v e ra l  a u th o r s  h av e  no ted  th a t  workers o ften  become sensitized during brief 
e x p o s u r e s  a t  h ig h  c o n c e n t r a t i o n s  r e s u l t i n g  f ro m  sp i l l s ,  le a k s ,  o r  sp ra y in g  
[ 3 1 ,4 1 ,4 2 ,5 2 ] .  H o w e v e r ,  sensitivity  to  TDI has been observed in workers with no 
known e x p o su re  to  sp il ls  o r  s p ra y in g  operations [4 3 ,4 5 ] .  A NIOSH health  hazard 
su rv ey  of a plant making polyurethane foam found resp iratory  symptom s in workers 
a t  a fo am in g  o p e r a t io n  w h e re  no TDI c o n c e n t r a t i o n s  of more than 35 y g /c u  m 
w ere  m e a su re d  [ 9 3 ] ,  H o w e v e r ,  9 of 13 workers who had been transfe rred  away 
f ro m  th e  fo am in g  operation because of severe symptoms were known to have been 
e x p o sed  p re v io u s ly  to  sp i l ls  o f  TDI. In ano ther  NIOSH survey, none of the nine 
e m p lo y e e s  o f  a p o ly u r e th a n e  foam  p la n t  w here TDI concen tra tions  averaged less 
th a n  7 y g / c u  m and  did n o t  exceed 16 y g /c u  m had resp iratory  sym ptom s [ 9 5 ] ,  
in d ic a t in g  th a t  sensitiza tion  may be rare  or nonexistent a t  such low concentrations.

The f a i l u r e  of th e s e  d a t a  to  show a quan tita t ive  corre la tion  of exposure and 
e f f e c t  r e f l e c t s  th e  d i f f i c u l ty  in evaluating and in terpre ting  the  "sensitized" s ta te .  
T h e r e  is  e v id e n c e  t h a t  a  s u b s t a n t i a l  p ro p o r t io n  of th e  w ork ing  p o p u la t io n  is 
p o te n t i a l ly  sensitizable  to the e f fe c ts  of TDI. Williamson [4 1 ]  reported  symptoms 
of s e n s i t i z a t i o n  d ev e lo p in g  in 4 -6  m e m b e rs  o f  a  w o rk fo rc e  of 99, about a 5% 
s e n s i t i z a t i o n  r a t e .  O th e r  s tu d ie s  su g g e s t  t h a t  th e  ra te  of sensitiza tion  may be 
s o m e w h a t  h ig h e r .  F o u r  of 47 workers (9%) in an office th a t  received exhaust air 
f r o m  a  n e a rb y  TDI p la n t  b e c a m e  s e n s i t i z e d ;  in 3 of th e s e ,  s e n s i t i z a t i o n  w as 
c o n f i rm e d  by bronchial responses in challenge te s ts ,  and the 4th improved when he 
w as re m o v e d  f ro m  exposure [ 4 5 ] .  P orte r  e t  al [5 6 ]  reported  th a t  30 of the  300 
w orkers  (10%) in a TDI plant were diagnosed as sensitive to TDI during 17 years of 
o p e r a t io n .  A dam s [ 8 3 ]  found th a t  15% of the workforce in one plant le f t  during 
th e i r  1st y e a r  o f  e m p lo y m e n t  because  of e f fe c ts  on their health; 1-3.5% le ft  for 
th e  sam e reason during subsequent years, for a to ta l  of about 20%. A similar ra te
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was suggested in a study by Bruckner e t  al [ 5 2 ] ,  in which 5 of 26 workers exposed 
to  u n s p e c i f ie d  i s o c y a n a te s  w e re  considered sensitized because they had as thm atic  
reactions a t  low concentrations.

Some r e p o r t s  have suggested th a t  sensitization to TDI is re la ted  to  a  personal 
h is to ry  of a l le rg y  [ 5 2 ]  or to atopy, as indicated by reac tiv i ty  to  prick te s ts  with 
com m on in h a la n t  allergens [ 5 3 ] .  However, most investigators  report  th a t  the re  is 
no p a t te rn  of allergies or atopy in sensitized workers [43 ,46 ,49 ,54 ,56].

Several investigators have a t te m p te d  to  dem onstra te  an immunologic mechanism 
fo r  TDI sensitiv ity .  In 1964, Scheel e t  al [5 1 ]  dem onstra ted  circulating antibodies 
and p o s i t iv e  skin reactions in guinea pigs sensitized to TDI by inhalation, bu t la te r  
w o rk e rs  w e re  u n a b le  to  c o n f i rm  th e s e  r e s u l t s  in guinea pigs, ra ts ,  and monkeys 
[ 1 0 8 ,1 0 9 ] .  In h u m a n s ,  im m u n o lo g ic  t e s t in g  has indicated the ex istence of both 
r e a g in - ty p e  a n t ib o d ie s  and  c i r c u la t in g  IgG antibodies in some workers exposed to 
TDI [ 5 3 - 5 7 ] .  H o w e v e r ,  th e s e  t e s t  r e s u l t s  have generally co rre la ted  poorly with 
s y m p to m s  s u g g e s t iv e  o f  TDI sensitivity  or with resp ira to ry  responses to challenges 
w i th  TDI a t  low concentra tions . Since the TDI m olecule has been thought to  be too 
sm a ll  to  be a n t ig e n ic  in itse lf ,  a cen tra l  problem in immunologic tes t ing  has been 
th e  d e v e lo p m e n t  o f  an appropria te  te s t  antigen (a conjugate of TDI with a  carrie r  
p ro te in ) .  A r e c e n t  s tu d y  by K aro l  e t  a l [ 6 2 ] ,  using  a  t e s t  an tigen  of p-tolyl 
(m ono)isocyana te ,  dem onstra ted  the  presence of to ly l-specific  antibodies in the  sera  
of t h r e e  o f  fo u r  TDI w o rk e rs  who had  s e n s i t iv i ty  r e a c t i o n s  to  TDI; the  fourth  
w o rk e r  had  n o t  been  e x p o s e d  to  TDI fo r  5 y e a r s .  This s tu d y  show ed  th a t  an 
immunologic mechanism may be involved in TDI sensitization.

S tu d ie s  by B u tc h e r  e t  a l [ 6 3 ,6 6 ]  and  Van E r t  and  B a t t ig e l l i  [ 6 4 ]  have  
s u g g e s te d  th a t  a  pharmacologic mechanism is also involved in resp ira tory  sensitivity  
to  TDI. T hese  investigators  showed th a t  TDI inhibited the  isopro tereno l-s tim ulated  
c y c l ic  AMP le v e ls  in hum an lym phocytes. The e f fe c t  was g re a te r  in lymphocytes 
f rom  in d iv id u a ls  who w e re  s e n s i t iv e  to  TDI [ 6 5 ] .  These and o ther investigators 
h av e  r e p o r t e d  t h a t  m any  TDI r e a c t o r s  w e re  h y p e r re a c t iv e  to  cholinergic agents 
( b r o n c h o c o n s t r i c to r s )  [ 4 6 ,5 3 ,5 6 ,6 3 ,6 7 ] .  P o r t e r  e t  a l [ 5 6 ]  found  t h a t  persons 
h y p e r r e a c t iv e  to  b r o n c h o c o n s t r i c to r s  e x h ib i te d  TDI sensitiv ity  even though they 
cou ld  n o t  be show n by immunologic testing  to  have antibodies against TDI. These 
r e s u l t s  s u g g e s t  t h a t  TDI m ay b lock  th e  b e t a - a d r e n e r g i c  s y s te m ,  m ak ing  th e  
c h o l in e rg ic  e f f e c t  m o re  in te n s e  in som e  individuals. It has not been determ ined 
w h e th e r  h y p e r r e a c t i v i t y  to  b r o n c h o c o n s t r i c to r s  is a result of TDI exposure or a 
predisposing fac to r  for sensitization  to TDI.

F a r  le ss  in f o r m a t io n  e x i s t s  on exposure to the  o ther diisocyanates, but their 
e f f e c t s  a p p e a r  to  be genera lly  similar to  those of TDI. Thirty-four of 35 workers, 
only  6 of whom w e re  e x p o se d  to  MDI a t  c o n c e n t r a t i o n s  a b o v e  150 U g /cu  m, 
e x p e r ie n c e d  ir r i ta tion  of the  eyes, nose, and th roa t ,  and half of them  had bronchial 
s y m p to m s  [ 9 6 ] .  W orkers  e x p o s e d  to  MDI a t  50 -110  y g / c u  m did not have a 
s ig n i f i c a n t  decrease  in FEV 1 during a  workshift in which foaming was carr ied  out, 
b u t  3 of 29 w o rk e rs  had  resp ira to ry  symptoms [ 6 1 ] .  Workers exposed to  MDI a t
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unknow n concentrations in an Italian  re fr ige ra to r  fac to ry  had reduced vital capacity  
and  FEV 1, and  85 of 180 workers had respiratory  symptom s [9 8 ,9 9 ] .  This study 
in d ic a te d  t h a t  th e  e f f e c t s  w e re  d o s e - r e l a t e d ,  s in ce  f u r n a c e  workers, who were 
e x p o sed  to  MDI a t  th e  h ig h e s t  c o n c e n t r a t io n s ,  had significantly lower pulmonary 
fu n c t io n  v a lu e s  and  a g r e a t e r  p r e v a le n c e  of re s p ir a to ry  symptoms than workers 
e l s e w h e re  in the plant. The incidence of respiratory  symptom s also increased with 
years of em ployment a t  the  plant.

M D I-sp e c if ic  a n t ib o d ie s  h av e  b e e n  r e p o r t e d  in th e  sera  of exposed workers 
[ 6 0 ,6 1 ] ,  but immunologic te s t  results  have shown l i t t le  corre la tion  with respiratory  
s e n s i t iv i ty  to  MDI. Workers with respiratory  sensitiv ity  to  TDI who have not been 
p rev io u s ly  ex p o sed  to  MDI h av e  had  p o s i t iv e  skin te s t s  to  MDI, suggesting th a t  
cross-sensitiza tion may occur.

O 'B rien  e t  a l [ 4 7 ]  r e p o r t e d  bronchial reac tions to  MDI in four TDI-sensitive 
w orkers  with no known previous exposure to MDI; tw o of these also reac ted  to  HDI 
w i th o u t  any p rev io u s  e x p o s u re .  T hese  a u th o rs  c o n s id e re d  im m u n o lo g ic  c ro ss ­
s e n s i t iv i ty  unlikely because of the d ifferences in s tru c tu re  betw een the compounds. 
The su b jec ts  who c ross-reac ted  to  o ther diisocyanates tended to  re a c t  to  ex trem ely  
low c o n c e n t r a t i o n s  of TDI (less than 1 ppb) and to  be hyperreac tive  to histamine. 
The a u th o rs  su g g es ted  th a t  ex trem e sensitivity to  TDI m ight be the  result of both 
an immunologic mechanism and a nonspecific pharmacologic or i r r i ta t iv e  mechanism, 
w ith  th e  l a t t e r  m e c h a n ism  a c c o u n t in g  fo r  th e  c ro s s - r e a c t io n s  to  MDI and HDI. 
This is c o m p a t ib le  w i th  th e  reports  of Butcher e t  al [63 ,66 ] th a t  TDI may block 
th e  b e ta - a d re n e rg ic  system and with the suggestive evidence obtained by P o rte r  e t  
al [ 5 6 ]  t h a t  TDI se n s i t iv i ty  does not necessarily require the  presence of anti-TDI 
a n t ib o d ie s .  H o w e v e r ,  th e  p o s s ib i l i ty  of im m u n o lo g ic  c r o s s - s e n s i t iv i ty  betw een 
diisocyanates remains to be te s te d  with a  specific  antigen system like th a t  of Karol 
e t  al [62,110] and is a t  p resen t only speculative.

I r r i ta t io n  of the resp ira tory  t r a c t  has also been reported  in workers exposed to  
HDI [ 4 2 ,7 6 ,1 0 0 ] .  The l im i t e d  e n v i ro n m e n ta l  d a t a  and the  high levels of o ther 
t o x i c  c h e m i c a l s  in  t h e s e  s t u d i e s  p r e c l u d e  a n y  e s t i m a t e  o f  d o s e - re s p o n se  
r e la t io n s h ip s .  In a fac to ry  where HDI levels were generally less than  30 y g /c u  m 
a n d  TD I w as p r e s e n t  a t  le s s  th a n  40 y g / c u  m, 9 of 18 w o rk e rs  e x p e r i e n c e d  
i r r i t a t i o n  of th e  u p p e r  r e s p i r a t o r y  t r a c t ,  cough, or chest tightness, although lung 
fu n c t io n  v a lu es  did n o t  d i f f e r  s ig n i f i c a n t ly  f ro m  th o s e  o f  c o n t ro l s  o r  show a 
s ig n i f i c a n t  da ily  decrease  [1 0 0 ] .  Since symptoms of resp ira to ry  ir r i ta t io n  a re  not 
e x p e r ie n c e d  by m o s t  w o rk e rs  exposed to TDI alone a t  com parable  concentrations, 
this study suggests a possible additive or synergistic e f fe c t  of HDI.

In rabbits, the  threshold concen tra tion  for i r r i ta t iv e  lung dam age from HDI was 
2,900 y g / c u  m, and  r e p e a t e d  e x p o s u re s  a t  1,200 y g / c u  m f o r  40 days caused 
s ig n i f i c a n t  d e c r e a s e s  in w e ig h t  ga in  and oxygen consumption in mice [ 5 ] .  R ats  
ex p o sed  to  IPDI a t 1,370 y g /c u  m repeated ly  for 4 weeks had decreased  in weight 
ga in  and liver and spleen weights, but these e f fec ts  were not seen a t  640 y g /c u  m 
[1 0 4 ] .
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In addition to causing resp ira tory  symptoms, the diisocyanates a re  skin ir r i tan ts  
and  skin  s e n s i t i z e r s .  TDI [ 6 2 ,6 9 ] ,  MDI [ 6 9 ] ,  and IPDI [6 9 ]  have produced skin 
s e n s i t i z a t i o n  in h u m a n s ,  and skin sensitization by IPDI [1 0 4 ] ,  and MDI [107] has 
been dem onstra ted  in guinea pigs.

R e p o r ts  of system ic e f fec ts  of the  diisocyanates are  rare . A few studies have 
s u g g e s te d  t h a t  m a ss iv e  e x p o su re s  to  TDI m ay produce neurologic or psychologic 
sym ptom s [21 ,71 ,72 ] .  Five of 35 fire f igh ters  who w ere exposed to  large quantities  
of TDI liq u id  and vapor experienced a  feeling of drunkenness, nonsensical behavior, 
loss  of balance, or trem ors  and numbness of the ex trem ities  during the  fire , and 23 
s u b se q u e n tly  d e v e lo p e d  sy m p to m s  such  as loss of memory or personality  changes 
[ 7 3 ] .  S im ila r  s y m p to m s  h av e  been reported  in workers exposed to  HDI [7 5 ,7 6 ] ,  
b u t  th e s e  w o rk e rs  were also exposed to  o ther toxic chemicals. A USSR study has 
r e p o r te d  EEG c h a n g e s  in v o lu n te e r s  e x p o se d  to  TDI a t  100 Ug/cu m and reflex 
changes in ra ts  exposed a t  200 y g /c u  m for 84 days [ 7 0 ] .

Carcinogenicity , M utagenicity, Tera togenic ity , and E ffec ts  on Reproduction

No r e p o r t s  w e r e  f o u n d  to  in d i c a te  t h a t  TDI, MDI, HDI, NDI, o r  o th e r  
d i i s o c y a n a te s  p ro d u c e  carc inogen ic ,  te ra togen ic ,  or reproductive e f fe c ts  in humans 
or a n im a ls .  MDI w as  m u ta g e n ic  to  Salmonella typhimurium in the  presence of a 
m a m m a l i a n  l i v e r  a c t i v a t i n g  s y s te m ,  b u t  TDI and  d ic y c lo h e x y lm e th a n e  4 ,4 '-  
d i i s o c y a n a te  showed no m utagenic  ac tiv ity  in the same system (3 Foderaro, w ritten  
c o m m u n ic a t io n ,  J u n e  1978). In th e  a b s e n c e  of o ther data  on m utagenic ity , this 
single study is insufficient evidence th a t  diisocyanates a re  likely to  be m utagenic in 
humans.
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TABLE III-3

EFFECTS OF EXPOSURE TO DIISOCYANATES ON HUMANS

Compound C oncentra tion*  Duration No. Effec ts R e f­
eren ce

ppb p g /c u  m

TDI 900 6 ,400  3 wk 15

" 500 3,600 10 min 6

100 710 10 min 6

"** 30-70 210-500 1 wk 12

Significant daily and 
cum ulative decrease  in 
lung function

Eye, nose, th ro a t  
i r r i ta tion  in all

Nasal ir r i ta tion  in  1

Mild to severe respir­
a to ry  symptoms in all, 
disappearing a t  lower 
concentrations

" 50 360 10 min 6 Eye ir r i ta tion  in 3

20-50 140-360 5 yr 180

" <20 <140 18 mo 99

" " " 5 y r  114

" " " 1 yr 15

" 14 100

1 .5 -1 4 .5  10-103 2 yr 34

66

No significant change 
in lung function com­
pared to  controls; sen­
sitiza tion  of about 20%

Respira tory  sensiti­
za tion  in 4

Significant decrease  
in lung function ac ­
counted for by decrease  
in only 16 individuals

No significant change 
in lung function

Changes in EEG rhythms

Significant daily and 
cum ulative decrease  in 
lung function

81

38

38

79

38

83

41

82

17

70
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TABLE III-3 (CONTINUED)

EFFECTS OF EXPOSURE TO DIISOCYANATES ON HUMANS

Compound Concentra tion*  Duration No. E ffec ts  R ef-
__________________________________________  e ren c e

ppb y g /c u  m

TDI 2 .8 -1 0  20-70 15 min -  A sthm atic  reac tions  a t  54,
5 but not 2.8 ppb in 57
2, a t  10 but not 5 ppb 
in o ther sensitized 
persons

" 2-7 14-50 5 .5  yr 166 No significant e f fe c ts  57
on lung function re la ­
ted  to  exposure levels

” <5 <35 - 17 Respiratory  symptoms 93
in some; no significant 
daily decrease  in lung 
function

" >3 >20 2 yr 20 Significant decrease  90
in lung function 
com pared to norm al 
populations

" 0 .1 -3  0 .7 -2 0  -  38 Significant daily de- 84
crease  in lung function

" <2 <14 2 y r  20 No significant de- 90
crease  in lung function 
com pared to  normal 
population

" <1 <7 -  12 R espiratory  symptoms 93
and significant 
daily decrease  in lung 
function only in 
sensitized  persons

" <1 < 7 - 9  No resp ira tory  symp- 95
tom s or daily decrease  
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TABLE III-3 (CONTINUED)

EFFECTS OF EXPOSURE TO DIISOCYANATES ON HUMANS

Compound Concentration^ Duration No. Effec ts R e f­
e ren c e

PPb lig /cu m

M3I 130 1,300 30 m in- 
3 hr

7 Slight febrile  reac­
tion in 1

60

12-26
1-15

120-270
10-150 -

6
29

Eye, nose, or th ro a t  
ir r i ta t io n  in 35; 
wheezing, shortness of 
breath , or chest 
tigh tness in 17

96

11 5-11 50-110 29 No significant daily 
d ecrease  in lung func­
tion; values below pre­
dicted in 3; resp iratory  
symptoms in 6

61

H 3 I♦*♦ 14 100 up to  
13 yr

82 Respiratory  t r a c t  
ir r i ta tion , dyspnea, 
coughing, headaches, 
chest pains, enlarged 
livers

76

r o i ^ #
TDI

<5
<5.6

o 
o

 
V 

V 18 No significant daily 
decrease  or d ifference 
from controls in lung 
function; eye ir r i ta tion  
in all; nose or th ro a t  
i r r i ta tion , cough, or 
chest tightness in half

100

♦Concentrations given are  average or usual range of exposures and do not 
re f le c t  excursions.
♦♦Unidentified isocyanate , probably TDI
♦♦♦Also exposed to  o ther chemicals, including s tyrene, phosgene, or 
organic solvents

68



IV. ENVIRONMENTAL DATA

Environmental Concentrations

A rea  m onitoring of the s ta r tup  and on-line procedures for TDI synthesis during 
th e  1st year of production in a new manufacturing plant was conducted by Weill e t  
a l  [ 9 2 ] .  TD I c o n c e n t r a t i o n s  w e re  d e t e r m in e d  using  c o m m e rc ia l ly  a v a i la b le  
c o n t in u o u s - ta p e  a r e a  monitors th a t  had been ca lib ra ted  against results  obtained by 
th e  M arca l i  m e th o d  [ 1 1 1 ] .  During the  s ta r tup  procedures, the mean weekly TDI 
concentrations for the synthesis, finishing, and drummming areas w ere 5.6, 17.3, and 
11 ppb (39, 122, and 78 Ug/cu m), respectively. The respective  maximum excursion 
c o n c e n tra t io n s  were 7.1, 20.5, and 12.9 ppb (50, 146, and 92 u g /c u  m). The initial 
o n - l in e  p ro d u c t io n  co n ce n tra t io n s  for the th ree  areas were 11.3, 16.4, and 7.5 ppb 
(80, 116, and 53 U g /cu  m) w ith  r e s p e c t iv e  excursions to  13.8, 21.1, and 8.8 ppb
(98, 150, and  62 u g /c u  m). When 8-hour TWA concen tra tions  for the  en tire  plant
w ere  analyzed for the 11 months of monitoring, i t  was found th a t  the 1973 NIOSH-
re c o m m e n d e d  TWA c o n c e n t r a t i o n  l im i t  of 5 ppb (35 u g /c u  m) was exceeded  on
approxim ately half of the days.

More r e c e n t  s tu d ie s  of the same plant by D harm arajan  e t  al [1 1 2 ]  com pared 
th e  r e s u l t s  of the a rea  monitoring with values obtained by continuous-tape personal 
m o n i to r in g .  Both monitoring methods were used simultaneously during some period 
e a c h  day fo r  22 m o n th s .  When 8 -h o u r  TWA v a lu e s  w e re  ana lyzed , no positive 
c o r r e l a t i o n  cou ld  be  found  betw een personal and a rea  sampling. A rea  monitoring, 
then, did not seem to accura te ly  re f le c t  ac tual individual exposures.

H erv in  and  T hoburn  [ 100] reported  th a t  concen tra tions  of airborne TDI w ere 
below  th e  TLV of 20 ppb (140 u g /c u  m) in an a i rc ra f t  overhauling facility  where 
th e  p a in te r s  sp ray ed  a irc ra f t  with polyurethane paints. A rea and personal samples 
w ere  a n a ly z e d  by th e  t h i n - l a y e r  c h ro m a to g ra p h ic  m ethod of Keller e t  al [1 1 3 ] .  
The c o n c e n t r a t i o n s  of a i rb o rn e  TDI n e a r  th e  a i rc ra f t  fin, near the wing, on the 
f lo o r  w here  mixing was done, and on the floor midway betw een the two bays were 
<30, <20-30, 20, and <20 U g /cu  m (<4, <3-4, 3, and  <3 ppb), re spec t ive ly .  The 
co rrespond ing  concentrations of HDI were 40-100, <30-60, <20-300, and <20 Ug/cu m 
( 6 - 1 5 ,  < 4-9 , <3-45, and  <3 ppb). T h i r te e n  p e rs o n a l  s a m p le s  t a k e n  a t  v a r io u s  
o p e ra t io n s  c o n ta in e d  TDI a t  concentra tions  of 40 u g /c u  m or less. Corresponding 
HDI concentrations ranged from less than  30 to  300 Ug/cu m.

In an  o p e r a t io n  w h e re  polyurethane foam lines were used to  make automobile 
s e a t  c u s io n s ,  B u tle r  and  T a y lo r  [ 1 1 4 ]  d e t e c t e d  no TDI in the  a reas  where TDI 
p o u ring ,  h e a t  c u r in g ,  m o ld ed  product removal, mold cleaning, and molded product 
t r im m in g  to o k  p la c e .  V andervort and Shama [9 3 ]  of NIOSH recorded  TDI a t  5-31 
U g /cu  m (0 .7 -4 .3  ppb) d u r in g  fo a m in g  operations in a plant m anufacturing picnic 
jugs ,  ic e  c h e s ts ,  and m eta l vacuum bottles . Air co llec ted  from the breathing zones

69



o f  s e v e r a l  f o a m i n g  o p e r a t o r s  c o n ta in e d  up to  40 p g / c u  m of TDI, ie ,  th e  
c o n c e n t r a t i o n s  were lower than the present Federal s tandard  of 20 ppb (140 p g /c u  
m).

HDI concentrations m easured by F ila tova e t  al [7 6 ]  were 0-100 u g /c u  m (0-15 
ppb) in all the  departm en ts  of a  plant manufacturng HDI. However, concentrations 
of 200-240 u g /c u  m (30-35 ppb), which exceeded the USSR MAC of 50 u g /c u  m (7 
ppb), were recorded while spills w ere being cleaned up.

K o n z e n  e t  a l  [ 6 0 ]  m e a s u re d  c o n c e n t r a t i o n s  of MDI w hile  p re e x p a n d e d  
p o l y u r e t h a n e  f o a m  w a s  a p p l i e d  f o r  2 .3 -10  m in u te s  a t  fo u r  lo c a t io n s  in an 
u n d e rg ro u n d  m ine . U n f i l t e r e d  a i r  sam p les  were co llected  5, 25, 50, and 75 fe e t  
aw ay  fro m  th e  sp ray  o p e r a t io n ,  and pre f il te red  air samples were also co llected  5 
f e e t  aw ay . A ir s a m p le s  w e re  c o l l e c t e d  fo r  2.2-30 minutes a t  a f low rate  of 1.0 
l i t e r / m i n u t e .  The a i r  s a m p le s  w ere  analyzed by the  Marcali method [1 1 1 ] .  The 
d a t a  show ed t h a t  th e  c o n c e n t r a t i o n  of a i rb o rn e  MDI d e c r e a s e d  with increasing 
d i s t a n c e  f r o m  t h e  s p r a y .  W hen  th e  m ine  s h a f t  a i r  v e n t i l a t io n  r a t e  w as 8 
fe e t /m in u te ,  an MDI concen tra tion  of 1,360 u g /c u  m (133 ppb) was found a t 5 fee t  
and 160 u g / c u  m (16 ppm) w as found  a t  75 f e e t  f ro m  the source of the spray 
[ 6 0 ] .  A t an air ventila tion  ra te  of 100 fee t /m in u te ,  the concen tra tion  of airborne 
MDI dow nstream  was reduced from 2,290 u g /c u  m (224 ppb) 8 fe e t  from the spray 
to  1,320 u g /c u  m (130 ppb) 50 fe e t  away.

C o l l e c t in g  a i r  through m em brane f i l te rs  with an average pore d iam ete r  of 0.8 
p m  re m o v e d  a p p ro x im a te ly  80% of the reac tive  MDI found 5 f e e t  from the spray 
[ 6 0 ] .  L ig h t  and  e l e c t r o n  microscopic exam ination of polyurethane foam partic les  
t r a p p e d  on th e  m e m b ra n e  f i l te r s  showed th a t  over 98% of them were less than 3 
pm  in d iam eter  and th a t  about 85% were less than 1 pm .

F i t z p a t r i c k  e t  al [ 1 1 5 ]  conducted  a  survey of workers applying polyurethane 
foam  c o n ta in in g  MDI to the walls of an underground mine. U nfiltered  air samples 
w ere  c o l l e c t e d  5, 10, 25, 50, and 100 fe e t  downstream from the spray operation, 
and a few  p re f i l te red  samples were also co llected . Air samples w ere co llec ted  for
up to  30 m in u te s  w ith  the ventila tion  velocity in the mine a t  60 fee t /m in u te ,  and
t h e  sa m p le s  w ere  a n a ly z e d  by th e  M arca l i  m e th o d .  The r e s u l t s  show ed  t h a t  
c o n c e n t r a t i o n s  of a i rb o rn e  MDI decreased  with increasing distance from the spray 
o p e ra t io n .  A p o r ta b l e  a e ro s o l  p h o to m e te r  and a cascade im pactor were used to 
d e te rm in e  the concen tra tion  and size of partic les  produced during the  generation  of 
the polyurethane foam. About 73% of the partic les  were 1-2 pm  in d iam eter.

F i t z p a t r i c k  e t  al [1 1 5 ]  s ta te d  th a t  most of the MDI d e tec te d  in the air was
c a r r i e d  by this pa r ticu la te  m a tte r  in the reac tive  form. The reac tion  of MDI with 
o th e r  c o m p o n e n ts  o f  th e  foam  w as  c o m p le te  w ith in  about a minute, or 60 fee t  
downstream from the spraying operation.

D harm arajan and Weill [116] found th a t  approxim ately 90% of the MDI present 
in a i r  du r in g  a foam spray operation was blocked by passage through glass fiber or
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T eflo n  f i l te r s  (0.5 p m  pore diam eter). The percen tage  blocked was independent of 
MDI c o n c e n t r a t i o n  in t h e  ra n g e  20-550  p g / c u  m , a  f in d in g  t h a t  s u p p o r ts  the  
c o n te n t io n  t h a t  m o s t  a i r b o r n e  MDI is p resen t in pa r t icu la te  form. Furtherm ore ,
th e y  found  t h a t  a p p ro x im a te ly  50% of  th e  p a r t i c l e s  w e re  le s s  th a n  10 p m  in
d i a m e t e r .  A ssum ing  t h a t  a l l  MDI in th e  a i r  is in th e  fo rm  o f  a e ro s o ls  and 
a ssum ing  an equal co llection effic iency for simultaneous sampling of par ticu la tes  on 
a f i l t e r  and  MDI in  an  a b s o rb e r ,  t h e  a u th o rs  found  t h a t  MDI cons ti tu ted  3.03- 
20.34% of the mass of the  airborne dust co llec ted  on a f i l te r .

V a n d e rv o r t  and  L u ca s  [ 6 1 ]  m e a s u re d  concen tra tions  of airborne MDI during 
foaming operations in a fac to ry  th a t  m anufactured  fibrous glass tanks. One of four 
b re a th in g -z o n e  samples analyzed for MDI by a Marcali method [9 4 ]  showed th a t  a
foam  o p e r a to r  was e x p o se d  to  MDI a t  12 ppb (120 p g / c u  m) fo r  30 m inu tes .
C o n c e n t r a t i o n s  of a i rb o rn e  MDI in 16 of th e  38 s a m p le s  t a k e n  du r in g  foam  
a p p l ic a t io n  ranged from undetec tab le  to 26 ppb (260 p g /c u  m). The concentrations 
of a i rb o rn e  MDI w ere  h ig h e s t  w ith in  3 f e e t  of th e  p o in t  of app lica t ion .  Two 
s a m p le s  t a k e n  le ss  th a n  3 f e e t  f ro m  th e  o p e r a t io n  20 m in u te s  a f t e r  fo am in g  
s to p p e d  show ed  a i rb o rn e  MDI a t  3 ppb (30 p g /c u  m). Analysis of 71 air samples 
c o l l e c t e d  o v e r  an  a v e r a g e  of 6.5 hours from the breathing zones of 18 employees 
show ed t h a t  w o rk e rs  w e re  e x p o se d  to  o th e r  c o n ta m in a n t s ,  su ch  as  m e th y le n e  
c h lo r id e ,  to lu e n e ,  and  a c e to n e ,  a t  c o n c e n t r a t i o n s  of a few  ppm and to airborne 
s tyrene a t  18-130 ppm.

In the end-cap area , 13 samples taken during and directly  a f te r  foaming showed 
MDI c o n c e n t r a t i o n s  a v e ra g in g  4 ppb [ 6 1 ] .  One sample taken  from the  chemical 
a s se m b ly  a r e a  du ring  fo a m in g  show ed  t h a t  the foam opera to r  was exposed for 8 
m in u te s  to  MDI a t  25 ppb (250 p g / c u  m), and  th re e  samples co llec ted  within 3 
f e e t  o f  fo am in g  show ed  MDI c o n c e n t r a t i o n s  ra n g in g  f ro m  0 to  over 1,000 ppb, 
p re su m a b ly  th e  l im i t  of th e  a n a l y t i c a l  p r o c e d u re s  used. Two samples co llected  
du ring  th e  f i r s t  30 m in u te s  a f t e r  fo a m in g  showed only residual am ounts  of MDI. 
E ig h te e n  m o re  breathing-zone samples from 12 employees in the foaming, chem ical 
a s s e m b ly ,  and  e n d -c a p  a r e a s  and  th e  corresponding 18 a rea  samples showed th a t  
MDI exposures ranged from 0 to  11 ppb (110 p g /c u  m). The highest concentrations 
w e re  found  in sam p les  from foam operators, and other employees w ere exposed to 
MDI a t  l e s s  t h a n  5 p p b  (50  p g / c u  m ).  A re a  s a m p le s  in d i c a te d  t h a t  MDI 
c o n c e n tra t io n s  ranged from 3 to  25 ppb (30-250 p g /c u  m) within 3 fe e t  of foaming 
operations and from 0 to  15 ppb beyond this area.

In a n o th e r  NIOSH h e a l th  h a z a rd  evaluation, Bodner e t al [9 6 ]  m easured the 
c o n c e n tra t io n s  of airborne MDI in a fibrous glassing a rea  where a foaming operato r  
sp ra y e d  tu b s  and sh o w e rs  w ith  a fo a m in g  ag en t .  According to  the supplier, the 
fo am in g  a g e n t  c o n ta in e d  no TDI. Analysis of a rea  samples showed th a t  the areas 
a d j a c e n t  to  th e  fo am  g u n n e r  and  to  th e  l a s t  r o l l e r  in th e  a s se m b ly  line  had 
c o n c e n t r a t i o n s  o f  a i r b o r n e  MDI o f  150 a n d  10 p g / c u  m (15 and  1 ppb), 
r e s p e c t iv e ly .  A n a ly ses  of b reath ing-zone air showed th a t  the foam  gunner in the 
a r e a  was e x p o se d  to MDI a t  an average of 230 p g /c u  m (23 ppb), a concentra tion  
exceeding the  present F ederal s tandard  of 20 ppb (200 p g /c u  m).
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T u b ic h  [ 1 4 ]  m e a s u r e d  a i r  c o n c e n t r a t i o n s  o f  MDI g e n e r a t e d  in fo u n d ry  
o p e ra t io n s ,  w here  i t  is p r e s e n t  a s  a c o m p o n e n t  of an  o i l - b a s e  no-bake binding 
s y s te m .  The a u th o r  d id  n o t  d e s c r ib e  th e  c o l l e c t io n  o f  sam ples or identify the  
a n a ly t i c a l  m e th o d  u sed .  No m e a s u r e a b le  MDI c o n c e n t r a t io n s  w ere found in 10 
s a m p l e s  f ro m  th e  m ix ing  o p e r a t io n  and  12 f ro m  th e  m o ld in g  o p e r a t io n ;  bo th  
o p e ra t io n s  a r e  c o n d u c te d  a t  room tem pera tu re .  Ten samples from the torching or 
oven-drying operation also showed no MDI, and 17 mold-pouring samples showed less 
th a n  7 ppb (70 y g / c u  m); these operations involve e levated  tem pera tu res ,  and the 
a u th o r  a t tr ib u ted  the low concentra tions  to  the brevity  of the operations, which did 
no t p e r m i t  s ig n i f i c a n t  vapor concentrations to  be genera ted . Mean concentrations 
of MDI e x c e e d e d  th e  Federal limit of 20 ppb (200 y g /c u  m) in shakeout and core 
k n o c k o u t  o p e ra t io n s ;  MDI w as  p r e s e n t  in 25 shakeout samples a t  2-160 ppb (20- 
1,600 (y g /c u  m), and in 9 core knockout samples a t  6-66 ppb (60-660 y g /c u  m).

Engineering Controls

The engineering  controls recom m ended for all diisocyanates in this chap ter  are  
s im i la r  to  th o s e  d e s c r ib e d  in th e  1973 NIOSH r e c o m m e n d a t io n s  fo r  TDI [ 3 7 ] .  
T hese  c o n t ro l  m e a su re s  a r e  f r e q u e n t ly  a p p l ic a b le  in th e  c o n t ro l  of p o ly m eric  
diisocyanates as well.

The primary objective of engineering controls for operations using diisocyanates 
m us t be  to  reduce the concen tra tions  of airborne diisocyanates so th a t  they are  a t 
or below  th e  re c o m m e n d e d  e n v i ro n m e n ta l  l im i t s .  P ro c e s s  equipment should be 
d es ig n ed  so t h a t  th e  s y s te m  is t o t a l l y  e n c lo se d  and  opera tes ,  if possible, under 
n e g a t iv e  g ag e  p re s su re  [ 9 ] .  When i t  is necessary to  open a vessel or when leaks 
or sp il ls  a r e  l ik e ly ,  lo c a l  e x h a u s t  v e n t i l a t io n  systems should be provided. Unless 
o th e r  m e an s  can be used to  control the  concentra tions  of d iisocyanates, the source 
should  be  f i t t e d  w ith  a loca l exhaust ventila tion system [ 9 ] .  If a  process is too 
large for this type of enclosure, dilution ventilation  may be necessary.

N u m ero u s  polyurethane products exist, and the polyurethane may som etim es be 
fo rm e d  under  c ircum stances  th a t  a re  not readily adaptable  to  conventional exhaust 
v e n t i l a t io n  p ro c e d u re s ,  eg ,  a p p l ic a t io n  of polyurethane foam to  s torage tanks to 
p r e v e n t  c o r ro s io n .  Som e o p e ra t io n s ,  such as spraying, mixing, foaming, injecting, 
f lu sh in g ,  p o u ring  in p la c e ,  and  pa in ting ,  can occur e i the r  in fixed locations or in 
th e  f ie ld .  W orkers  en g ag e d  in these operations may require  additional p ro tec tion , 
such  as  p o s i t iv e  p re s s u re  s u p p l ie d -a i r  r e s p i r a to r s  [3 7 ]  and additional p ro tec tive  
c lo th ing . Although many types of diisocyanates a re  used in u re thane  foam systems, 
m any  of th e s e  sy s te m s  c o n ta in  p o ly m e r ic  is o c y a n a te s ,  which usually have lower 
v a p o r  p r e s s u r e s  [ 1 1 7 ] .  F o r  w ork  w ith  th e s e  p o ly m e r ic  i s o c y a n a te s  in f ie ld  
o p e r a t i o n s ,  w h e r e  a e r o s o l s  a r e  l ik e ly  to  be g e n e r a t e d ,  th e  sa m e  p r o te c t io n  
r e c o m m e n d e d  fo r  TDI shou ld  be used ; th e  r a t e  of dilution ventila tion  should be 
v a r ie d  a c c o rd in g  to  th e  r a t e  o f  r e le a s e  o f  a i rb o rn e  p a r t i c u l a t e  [ 1 1 7 ] .  When 
p lann ing  e x h a u s t  v e n t i l a t i o n  s y s te m s  to  c o n t ro l  d i i s o c y a n a te s ,  designers should 
consu lt  Fundamentals Governing the  Design and O peration of Local Exhaust Systems

72



Z5.2-1971 [ 1 1 8 ]  and  Industria l Ventilation—Manual of Recom m ended P ra c t ic e , the 
1976 edition [119] or a  la te r  edition.

The c o n c e n t r a t io n  of diisocyanates in the workplace may also be decreased by 
s u b s t i t u t i n g  a  c o m p o u n d  w ith  a lo w er  vap o r  p r e s s u re .  F o r  e x a m p le ,  w h e re  
fo rm u la t io n  c o n s id e r a t io n s  p e r m i t ,  MDI m ig h t  be substitu ted  for TDI [1 2 0 ] .  In 
spraying and ce rta in  foaming operations where the diisocyanate is p resen t in aerosol 
form, this substitution may not be an e ffec tive  means of controlling exposure.

When v e n t i l a t io n  requirem ents  for any diisocyanate work a re a  are  determ ined, 
and  i t  is e s ta b l ish e d  th a t  an exhaust ventilation system is necessary , c a re  must be 
ta k e n  in th e  p la c e m e n t  of in t a k e  and  e x h a u s t  vents [ 1 2 1 ] .  Carroll e t  al [45] 
d e s c r ib e d  r e s p i r a t o r y  sen s it iz a t io n  from TDI in office workers as a  result of TDI- 
con ta rn ina ted  air being drawn into the ventilation system of an office building from 
th e  e x h a u s t  v e n ts  o f  a  neighboring fac to ry  using TDI. This report emphasizes the 
im p o r ta n c e  of d e te rm in in g  th a t  in take air for the ventila tion system is not drawn 
f ro m  a r e a s  in w hich  o th e r  d i i s o c y a n a te s  a r e  handled, and th a t  exhaust vents be 
positioned to avoid exposure of o ther persons to the d iisocyanate-con tam inated  air.

Sampling and Analysis

(a) Interfering Reactions With Airborne Chemicals

B ecau se  of th e  c h e m ic a l  r e a c t i v i t y  of th e  d i i s c c y a n a t e s ,  e x p o s u re  to  and 
m e a s u r e m e n t  of d i i s o c y a n a te  m o n o m e rs ,  a s  w ell  as  th e  e f f e c t s  of exposure to 
d i i s o c y a n a te s ,  m ay be c o m p l ic a te d  by r e a c t io n s  w ith  o th e r  airborne chemicals. 
D y so n  a n d  H e r m a n  [ 1 2 2 ]  e x a m in e d  th e  e f f e c t  of r e l a t i v e  h u m id i ty  on TDI 
c o n c e n t r a t i o n  as  de term ined  by the  Marcali method [1 1 1 ] .  This method measures 
TDI and one possible TDI hydrolysis product, toluene diamine, but not the TDI urea, 
3 ,3 ' - d i i s o c y a n to - 4 ,4 ' - d im e th y lc a r b a n i l i d e .  H u m id i f ie d  air was added in increasing 
a m o u n ts  to  d y n a m ic a l ly  p ro d u c e d ,  s tead y -s ta te  atm ospheres of TDI (80% 2,4-
TDI, 20% 2 ,6 -T D I) in i t i a l ly  d e te rm in e d  to be a t  34 or 400 ppb (240 or
2,800 jig /cu  m). The rela tive humidity a t  75 C achieved in the controlled  reac tion
c h a m b e r  by th i s  p ro ced u re  ranged from 0 to  80%. Increasing humidity was shown 
to  c a u s e  l in e a r  d e c r e a s e  in th e  M arca l i  v a lu e s ,  presumably reflec ting  increasing 
c o n c e n t r a t i o n s  of T D I-u re a .  R e g re s s io n  a n a ly s is  o f  th e  d a t a  d e te rm in e d  tha t,  
in d e p e n d e n t  of th e  TDI c o n c e n t r a t i o n s  used , a d e c re a se  of 3.2% in the  Marcali
v a lu e  would r e s u l t  w ith  e v e ry  in c re a s e d  unit of absolute humidity (in g w ater/kg
dry a i r ) .  The r e a c t i o n  of TDI w ith  w a te r  w as shown to be essentially  com plete 
w ith in  75 se c o n d s .  For less chemically reac tive  diisocyanates such as HDI [1 2 3 ] ,  
hyd ro ly s is  w ould  be  e x p e c te d  to  occur a t  considerably slower ra tes .  The authors 
[ 1 2 2 ]  co n c lu d e d  th a t  increased humidity reduces the  concen tra tion  of a tm ospheric  
TDI, b u t  n o t  to  a d e g re e  th a t  would prove useful as a routine control m easure in 
the workplace. A decrease  in apparent TDI concentra tions  due to  humidity has also 
been observed by o ther investigators  [44,111,124,125].
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V o la t i l iz e d  am ines may also be presented  in workroom air where diisocyanates 
a re  being m anufactu red  or used. Toluene diamine, a synthetic  precursor to TDI and 
a p oss ib le  h y d ro ly s is  p r o d u c t ,  is known to  i n t e r f e r e  p o s i t iv e ly  in th e  M arca li  
d e t e r m in a t io n  of TDI [ 1 2 4 ,1 2 6 ,1 2 7 ] .  O th e r  p r im a ry  a rom atic  amines would be 
e x p e c te d  to  be p o s i t iv e  in te r fe re n c e s  with any method in which diisocyanates are  
determ ined as secondary reac tion  products of their amine derivatives.

Meddle and Wood [126] developed a method for de tecting  a rom atic  isocyanates 
in a i r  in th e  p r e s e n c e  o f  p r im a ry  a r o m a t i c  amines. Individual air samples were 
bubb led  th rough  two d ifferen t absorber solutions. A solution of d im ethylform am ide 
(DMF) and  1,6 -d ia m in o h e x a n e  (DH) was used to trap  the  primary arom atic  amine 
and in a c t iv a te  the isocyanate  in one air sample. The second air sample was drawn 
th ro u g h  a so lu t io n  of DM F, DH, and  h y d ro c h lo r ic  a c id  t h a t  t r a p s  th e  primary 
a r o m a t i c  a m in e  and h y d ro ly z e s  th e  i s o c y a n a te  to  its corresponding amine. The 
sa m p le s  w e re  th e n  d iazotized  and coupled, and the amount of am ine or isocyanate 
p r e s e n t  w as d e t e r m in e d  s p e c t r o p h o to m e t r ic a l ly  using standard  calibration  curves. 
The c o lo r  in th e  D M F-DH a b s o rb e n t  s o lu t io n  is p roduced  by the  primary amine 
a lo n e ,  and  t h a t  in the DMF-DH-hydrochloric acid absorbent solution is produced by 
b o th  th e  a m in e  and th e  iso cy an a te .  The amount of isocyanate present in the air 
sampled was determ ined  by sub tracting  the  form er value from the  la t te r .

T e r t i a r y  a m in e s ,  such  as  tr ie thy lened iam ine  (TEDA), which are  o ften  used as 
c a t a ly s t s  in u r e th a n e  p o ly m e r iz a t io n s ,  hav e  b een  show n to reduce the apparent 
c o n c e n t r a t i o n  of a i rb o r n e  TDI [ 1 2 4 ,1 2 7 ] .  Smith and Henderson [127] w ere the 
f i r s t  to  r e p o r t  th e  n e g a t iv e  in te r fe ren ce  of TEDA vapors in the determ ination  of 
gaseous TDI by the Marcali and Reilly ta p e  methods. The frac tion  of apparent TDI 
lo ss ,  when a n a ly z e d  by b o th  m ethods ,  ranged from 49 to  88%. These results  led 
th e  a u th o rs  to  q u es tio n  w hether the tape  and Marcali values were underestimating 
ac tua l TDI exposure levels in polyurethane foaming operations. The reported  degree 
of negative in te rfe rence , however, appears independent of the  TEDA concentrations. 
In a d d i t io n ,  th e  r a t i o s  o f  TEDA to  TDI e x a m in e d ,  17-262 [1 2 7 ] ,  a re  135-2,100 
t im e s  th o s e  t h a t  m ig h t  be e x p e c te d  during ac tual foaming or spraying operations 
[ 128,129].

In a l a t e r  a t t e m p t  to  e lucidate  the mechanism of te r t ia ry  am ine in terference , 
H o lland  and R oo n ey  [ 1 2 4 ]  com pared  values obtained for TDI in mixed TDI-TEDA 
a tm o s p h e re s  by th r e e  analy tica l techniques: midget impinger sampling and analysis 
by th e  M arca l i  m e th o d ,  c o n t in u o u s - t a p e  m o no to r ing ,  and d irec t a ir-in jec tion  gas 
chromatography.

All m e th o d s  g av e  similar values for TDI, and each showed similarly decreased 
v a l u e s  f o r  th e  sam e  TDI c o n c e n t r a t i o n  in th e  p r e s e n c e  o f  TEDA [ 1 2 4 ] .  In 
c o n t r a s t  to  th e  p re v io u s  report [ 1 2 7 ] ,  this study dem onstra ted  th a t  the  reduction 
in m e a s u ra b le  TDI exhibited some dependence on a tm ospheric  amine concentration . 
A sum m ary  of the da ta  shows th a t ,  a t  TEDA-to-TDI ratios of 9.6-25, about 90% of 
th e  in p u t TDI cou ld  be m e a su re d ;  a t  a T E D A -to -T D I ra tio  of 105, only 21-25% 
cou ld  be m e a su re d .  Six o th e r  c a ta ly s ts  used in polyurethane m anufacturing were
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s a i d  t o  g iv e  s i m i l a r  r e s u l t s .  The e f f e c t  of TEDA on m e a s u ra b le  TDI w as 
significantly re d u c e d  w hen  g la ss  c o m p o n e n ts  of th e  experim ental appara tus  were 
s i l i c o n iz e d  to  d e c r e a s e  s u r f a c e  a d s o rp t io n .  The a u th o r s  c o m m e n te d  t h a t  gas  
c h ro m a to g ra p h y  did not d e te c t  any s table  reac tion  in te rm ed ia tes ,  including toluene 
d ia m in e ,  in th e  m ix ed  g as  s tream . The only reac tion  product found proved to  be 
th e  TDI u re a  t h a t  had  fo rm e d  as  a  w h ite  pow der  on the  surface  of the  mixing 
s y s te m .  The a u th o rs  [ 1 2 7 ]  c o n c lu d e d  t h a t  a l l  t h r e e  a n a l y t i c a l  m ethods  gave 
a c c u r a t e  m e a s u re m e n ts  of a tm ospheric  TDI in the presence or absence of te r t ia ry  
a m in e  c a t a l y s t s  and t h a t  th e  o b s e rv e d  n e g a t iv e  in te r fe ren ce  re f lec ted  an actual 
reduction in TDI concentra tion . F urtherm ore , the mechanism by which this reduction 
o c c u r r e d  m ay h av e  depended on surface e f fec ts ,  re la tive  humidity, and constituent 
concentra tion  and residence tim e.

The above  r e p o r t s  [ 1 2 4 ,1 2 7 ]  su g g e s t  t h a t  th e  p r e s e n c e  o f  t e r t i a r y  amine 
vapo rs  may c a t a l y z e  th e  h y d ro ly s is  o f  a i rb o rn e  TDI to  i t s  u rea .  The reac tion  
a p p e a r s  to  be  f a c i l i t a t e d  by a b s o rp t io n  of one or m o re  of th e  r e a c t a n t s  to a 
s u r f a c e  [ 1 2 4 ] .  W h ereas  gas  chromatography of the mixed gases failed to isolate 
any s ta b le  r e a c t i o n  in t e r m e d i a t e ,  th e  e x i s t e n c e  of short-lived, po ten tially  toxic, 
r e a c t i v e  c o m p l e x e s  in  m in u te  a m o u n ts  c a n n o t  be d is c o u n te d .  B oth  s tu d ie s  
[ 124,127] used concentrations of TDI th a t  may be rep resen ta tive  of ac tua l working 
env ironm ents ,  18-400 ppm; however, since the re la tive  concen tra tions  of am ine used 
f a r  e x c e e d e d  r e a l i s t i c  le v e ls ,  th e  r e l e v a n c e  of th e s e  r e s u l t s  to  t h e  workplace 
situation remains questionable.

(b) C olorim etric  Methods

Two methods, those of Marcali and R anta , and m odifications of them are  most 
com m only  u sed  to  m easure a rom atic  isocyanate concentrations in air. The Marcali 
m e th o d  [ 1 1 1 ]  fo r  m easuring  TDI involves bubbling the  air sample through an acid 
a b s o rb e r  m ed ium  in w h ich  TDI is c o l l e c t e d  and hydrolyzed to  the corresponding 
to lu e n e  d ia m in e  d e r iv a t iv e .  The am ine is d iazotized and coupled with 1-naphthyl 
e th y le n e d ia m in e  to  p ro d u c e  a r e d d is h -b lu e  c o lo r .  The in tensity  of this color is 
m e a su re d  spec tro p h o to m etr ica l ly  a t  550 nm to provide an indication of the  amount 
of TDI p resen t .  Marcali [111 ]  reported  th a t  the method was capable of detecting  
10 ppb (70 y g /c u  m) of toluene-2 ,4-diisocyanate . He also determ ined  th a t  recovery 
of to ta l  TDI was apparently  reduced when 35% toluene-2 ,6-diisocyanate  was present. 
A sim ilar reduction was reported  by Meddle e t  al [4 4 ]  for TDI m ixtures containing 
20 or 40% of th e  2 ,6 -isom er.  To increase the accuracy  of measuring mixtures of 
TD I i s o m e r s ,  bo th  M a rc a l i  [ 1 1 1 ]  and  M eddle  e t  a l [ 4 4 ]  r e c o m m e n d e d  t h a t  
s tandard  curves be cons truc ted  with the appropriate isomer ratios. A portab le  field 
k it  em p lo y in g  s ta b le  color standards could easily d e tec t  TDI a t  50 ppb (360 y g /c u  
m) and could be modified to  d e tec t  TDI a t  20 ppb (140 y g /c u  m). The m ethod does 
no t  d e t e c t  th e  TDI u r e a ,  3 ,3 '- d i i s o c y a n a to -4 ,4 '-d im e th y lc a rb a n i l id e ,  a  hydrolysis 
product th a t  is form ed on reac tion  of TDI with w ater.

When G rim  and L inch  [ 9 4 ]  ex am in ed  the Marcali method for use with MDI, 
t h e y  fo u n d  t h a t  2 hours  w e re  r e q u i r e d  fo r  c o m p le te  c o lo r  d e v e lo p m e r t t .  By
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in c re a s in g  th e  c o n c e n t r a t i o n  of co u p lin g  r e a g e n t  and  p a r t i a l l y  neutraliz ing the 
absorber solution with sodium carbonate , the authors reduced the coupling tim e to  15 
m in u te s .  The 1974 NIOSH Manual of Recom m ended Analytical Methods [130 ]  has 
in c o rp o ra te d  the modifications of Grim and Linch [9 4 ]  for routine m easurem ent of 
MDI. The m e th o d  as  described  can determ ine 7-73 ppb (70-750 u g /c u  m) of MDI 
in 20 li ters  of air.

The R an ta  method, as described by Zapp [36]  and Marcali [111 ]  can measure 
b o th  TDI and TDI u rea  with equal effic iency  and cannot distinguish betw een them. 
The co m pounds  are  co llec ted  by bubbling the  air sample through a reagent solution 
of aq u eo u s  sodium  n i t r i t e ,  e thy lene  glycol monoethyl e th e r  (Cellosolve), and boric 
ac id .  The in t e n s i ty  of th e  resu lting  orange-yellow color, measured a t  450 nm, is 
proportional to  the concen tra tion  of e i the r  compound.

On t h e  b a s is  o f  f ie ld  and  l a b o ra to r y  e v a lu a t io n s  o f  th e s e  tw o  m e th o d s ,  
S kon ieczny  [ 1 3 1 ]  c o n c lu d e d  t h a t  the Marcali method was m ore suitable for field 
d e t e r m in a t io n  of peak  c o n c e n t r a t i o n s  and  fo r  d e t e c t i n g  s m a l l  am ounts of TDI. 
B ecause  th e  R a n ta  m e th o d  r e q u i r e s  a  sampling tim e of 10-30 m inutes to collect 
s u f f i c i e n t  a m o u n ts  of TDI under usual working conditions, Skonieczny noted th a t  it 
might not d e te c t  mom entarily  high concentrations.

In t h e  1973 c r i t e r i a  d o c u m e n t ,  NIOSH [ 3 7 ]  r e c o m m e n d e d  a m e th o d  fo r  
sam p lin g  and  a n a ly z in g  TDI in a i r .  S am pling  w as a cc o m p lish e d  by drawing air 
th ro u g h  an a l l -g la s s  midget impinger containing 15 ml of absorbing solution fo r  20 
m in u te s  a t  a  r a t e  of 2 l i t e r s / m i n u t e .  F o r  a n a ly s i s ,  NIOSH re c o m m e n d e d  the 
M arca l i  m e th o d  [ 1 1 1 ] ,  in c o rp o r a t in g  m o d i f ic a t io n s  repo rted  by Grim and Linch
[ 9 4 ]  and L a rk in  and Kupel [ 1 3 2 ] .  Toluene diamine was used in place of TDI for 
s tan d a rd s ,  since it is less toxic and easier to work with a t  room tem pera tu re .  The 
ra n g e  of standards used was 1.0-20.0 ug  of TDI or 3.5-70 ppb (25-500 u g /c u  m) in 
a 4 0 - l i t e r  a i r  s a m p le .  The sensitivity of the method was said to  be improved by 
in c re a s in g  the  length of the light path in the spec tropho tom etric  cells. If amounts 
of TDI g r e a t e r  th a n  70 ppb m u s t  be m easured, the final reagen t solution can be 
d i lu te d  with absorber solution or a smaller air sample can be taken. Although MDI 
is d e tec te d  by this method, the tim e required for com plete  color development under 
th e  prescribed conditions is 1-2 hours, com pared with 5 m inutes for TDI [ 9 4 ] .  It is 
po ss ib le  t h a t  TDI c a n  be  de term ined  in the presence of MDI if the  absorbance of 
the te s t  solution is measured within 10 minutes a f te r  adding the  coupling agent.

V arious f ie ld  t e s t  k i t s  using  th e  p r in c ip le s  of the Marcali or R an ta  method 
have  been  d ev e lo p e d .  These kits have simplified and standard ized  te s t  procedures 
f o r  o n - s i t e  m e a s u r e m e n t .  G r im  a n d  L inch  [ 9 4 ]  d e s c r ib e d  a f ie ld  k i t  fo r  
d e te rm in in g  c o n c e n t r a t i o n s  of TDI. Air was sampled through the s tandard midget 
im p in g er  using a s e l f -p o w e re d ,  co n s tan t- ra te  air aspirator. The sensitiv ity  of the 
f ie ld  k i t  em ploying the  Marcali method was improved to  allow detec tion  of TDI a t 
10 ppb (70 Ug/cu m) by c o l l e c t in g  a l a rg e r  v o lum e of air and by reducing the 
vo lum e of th e  reag e n t used. By increasing the  coupling reagen t concen tra tion  and 
add ing  sodium  c a r b o n a te  to  the absorbing medium, the field  kit could be used for
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d e t e r m i n a t i o n s  o f  a i r b o r n e  MDI. The R a n ta  m e th o d  w as  m o d if ie d  to  a l low  
m easu rem en t of TDI u rea  and TDI a t  concentrations as low as 10 ppb by increasing 
t h e  v o lu m e  o f  s a m p l e  c o l l e c t e d ,  re d u c in g  th e  v o lu m e  of r e a g e n t  u sed ,  and  
in c re a s in g  th e  le n g th  of th e  l ig h t  path  in the colorim eter to  100 mm. To make 
th e  R a n ta  m e th o d  s u i t a b le  fo r  field use, color standards th a t  can be used with a 
portable visual com para to r  were developed and included in the kit.

B e l is le  [1 3 3 ,1 3 4 ]  described a  fie ld  kit suitable for measuring TDI in air. Air 
was sam pled a t  a ra te  of 0.1 cu f t /m in u te  through an acidified absorber solution in 
a m o d if ie d  m id g e t  im p in g e r  c o n ta in in g  in s itu -genera ted  glutaconic aldehyde and 
ca tio n -ex ch an g e  resin. This process converts TDI to  its corresponding amine, which 
r e a c t s  w ith  g lu t a c o n ic  a ld e h y d e  to  form an orange-red product. To m easure the 
c o n c e n t r a t i o n  of TDI, th e  o r a n g e - r e d  c o lo r  t h a t  appeared on the surface  of the 
re s in  b e a d s  w as m a tc h e d  a g a in s t  a s e t  of co lo r  s t a n d a r d s .  R esu l ts  reportedly 
a g re e d  c lo se ly  w ith  those obtained by the  Marcali method. A major advantage of 
th is  m e th o d  is t h a t  th e  c o lo r  d e v e lo p s  w hile  th e  a i r  is be ing  sa m p le d .  At a 
c o n c e n t r a t i o n  of 10 ppb (70 U g /cu  m) of TDI, s am p l in g  and  a n a ly s is  can  be 
c o m p le te d  in 5 m in u te s .  The m e th o d  is capab le  of measuring TDI a t  5 ppb (35 
U g /cu  m) in 0.5 c u b ic  fo o t  of a i r ,  and  i t  m ay be m o d if ie d  to  m e a s u re  o ther  
a r o m a t i c  i s o c y a n a te s  or a r o m a t i c  a m in e s  by constructing  appropria te  calibration 
data.

Reilly [135] developed a  field method for determining MDI in air. The sample 
w as d raw n  th ro u g h  an a c id  a b s o rb e r  m ed ium  in w hich  MDI w as  c o l l e c t e d  and 
hydrolyzed to the corresponding amine. The amine was diazotized  and coupled with
3 -h y d ro x y -2 -n a p h th a n i l id e  to  fo rm  a  p in k ish -o ra n g e  a z o  c o m p o u n d .  This w as 
e x t r a c t e d  in to  c h lo ro fo rm  and c o m p a re d  v isu a l ly  w ith  in o rg a n ic  color s tandard 
s o lu t io n s .  The method was capable of measuring MDI a t  10-40 ppb (100-400 u g /c u  
m) w i th  a 5 - l i t e r  s a m p le  of a i r .  The e q u ip m e n t  r e q u i r e d  is p o r t a b l e ,  and  a 
com plete  determ ination  can be accomplished in 12-15 minutes.

M eddle e t  al [ 4 4 ]  e x t e n d e d  th e  G rim  and  L inch  a d a p t a t i o n  [ 9 4 ]  of th e  
M a r c a l i  m e th o d  to  a  g e n e r a l  f i e l d - t e s t  p ro c e d u re  c a p a b le  of d e t e c t i n g  o th e r  
a ro m a t ic  diisocyanates in air. Procedures were described th a t  established maximum 
sam pling and analytical conditions for TDI, MDI, NDI, dianisidine disocyanate, and a 
p o ly m e r ic  fo rm  of MDI, p o ly m e th y le n e  polyphenyl isocyanate. The authors noted 
t h a t ,  w ith  th e  e x c e p t io n  of TDI, a t te m p ts  to genera te  dynamic vapor atm ospheres 
by b u b b lin g  d ry  n i t r o g e n  th ro u g h  l iq u if ie d  d i i s o c y a n a te s  p ro v e d  u n s u c c e s s fu l .  
A irb o rn e  c o n c e n t r a t io n s  produced by this method diminished rapidly indicating th a t  
th e se  d i i s o c y a n a te s ,  w h e re  p r e s e n t  in a i r ,  w ould  be  in a e ro s o l  f o rm .  Similar 
o b s e rv a t io n s  w ere  m a d e  by R e i l ly  [ 1 3 5 ]  in his work with MDI. Analysis of all 
t e s t e d  d i i s o c y a n a te s  was subsequently perform ed on genera ted  aerosol a tm ospheres 
[ 4 4 ] .  A c o n s e q u e n c e  o f  th e  a e ro s o l  n a tu r e  of th e se  te s t  a tm ospheres was the 
a d o p t i o n  o f  a  s i n t e r e d  dom e b u b b le r  fo r  a i r  s a m p l in g .  To e n s u re  c o m p le te  
r e c o v e ry ,  a e ro so l  p a r t i c l e s  t r a p p e d  in th e  s in te r e d  dom e du ring  sampling were 
allowed tim e to dissolve in the absorber solution before coupling reagent was added. 
A 1 0 -m in u te  d igestion tim e was judged suffic ient under these conditions. Impinger
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sam p lin g  a t  th e  sa m e  f lo w r a t e  of 1 l i t e r / m i n u t e  w as  only 53% as eff ic ien t as 
sam p lin g  w ith  th e  s in te r e d  dom e b u b b le r .  For use in the field, perm anent color 
s ta n d a rd s  for MDI, NDI, TDI, and polymethylene polyphenyl isocyanate a re  available 
for concentrations of 10-40 ppb.

The a e ro s o l  nature of MDI in air was further supported by results  of a recent 
s tu d y  by D h a rm a ra ja n  and Weill [ 1 1 6 ] .  They found th a t  MDI vapor genera ted  by 
h e a t in g  th e  d i i s o c y a n a te  to  110 C in a small enclosed room did not behave as a 
gas  b u t  r a th e r  as  an  a e ro s o l .  They  c o m p a re d  th e  a m o u n t  of MDI co llected  in 
a b s o rb e rs  a c c o rd in g  to  th e  s ta n d a rd  NIOSH-recommended method [130] with and 
w ith o u t  p r e f i l t e r s  and found  t h a t  98% of th e  a i rb o rn e  MDI was co llected  on a 
T ef lo n  f i l t e r  b a c k e d  w ith  a c e l lu lo s e  pad  and  87% w as c o l l e c t e d  on the f i l te r  
b a c k e d  w ith  a s ta in le s s - s t e e l  pad. Since the collection effic iency  of the  absorber 
fo r  MDI a e ro s o l  was unknown in this study, i t  is likely th a t  the ac tua l amount of 
MDI in s a m p le s  was h ig h e r  th a n  th e  a m o u n t  d e t e c t e d .  The percen tage  of the 
sam ple consisting of MDI aerosol could also have been underestim ated . The authors 
also  p o in te d  o u t  t h a t  s in ce  th e  m a jo r  p o r t io n  of MDI in a i r  is p r e s e n t  as  an 
aerosol, concentrations of this compound should be reported  in m g/cu m ra the r  than 
ppm.

(c) Tape Methods

R e i l ly  [ 1 3 6 ]  d e v e lo p e d  a te s t-paper  method to  measure the concen tra tion  of 
TDI in a i r .  A 5 - l i t e r  a i r  s a m p le  w as d raw n  through a chem ically t r e a te d  f i l te r  
p a p e r  a t  a r a t e  of 1 l i t e r / m i n u t e .  A f te r  s a m p lin g  w as c o m p le te d ,  s ta in  was 
a l lo w ed  to  d ev e lo p  on th e  t e s t  p ap e r  for 15 minutes. The in tensity  of the stain 
was th e n  com pared  with a  se t  of color standards for TDI concen tra tions  of 10, 20, 
40, 60, and 100 ppb (70-700  u g / c u  m). The method is specific for the arom atic  
d i i s o c y a n a te s ,  w ith  no re s p o n se  o b ta in e d  f ro m  th e  d ia m in e  derivatives. Several 
p r e p a r a t io n s  of t e s t  p a p e r ,  e x p o sed  to  TDI a t  know n c o n c e n t ra t io n s ,  showed a 
v a r ia t io n  in c o lo r  d e v e lo p m e n t  o f  a b o u t  20%. Q ualita tive te s ts  indicate  tha t the 
m e th o d  m ay  be a d a p te d  to  d e te c t  MDI and NDI, and i t  is reported  to require less 
analytical skill to  perform than other methods.

R e i l ly 's  t e s t - p a p e r  m e th o d  w as d e v e lo p e d  in to  a c o n t in u o u s  m o n i to r ,  th e  
D u n l a p / I C I  C o n t i n u o u s  TDI M o n ito r ,  w hich  u ses  t e s t - p a p e r  t a p e  t h a t  m oves 
c o n t in u o u s ly  p a s t  a  s a m p l in g  port through which air is drawn by a  vacuum pump. 
F i f t e e n  m in u te s  a f t e r  i t  has  b e e n  exposed  to the air, the tape  passes an optical 
r e a d o u t  h ead ,  and th e  i n t e n s i ty  of th e  c o lo r  p ro d u c e d  by TDI on th e  t a p e  is 
c o m p a re d  to  an  u n ex p o sed  a r e a  o f  th e  t a p e  and  converted  to concentrations. A 
s t r i p - c h a r t  r e c o r d e r  c o n n e c te d  to  th e  instrum ent provides a perm anent record of 
th e  m easurem ents  obtained. Miller and Mueller [137 ]  evaluated  the perform ance of 
th is  m o n i to r  by using th e  N IO S H -m o d if ied  M arca l i  m e thod  [130] as a referen t 
a n a ly t ic a l  p r o c e d u re .  When la b o ra to ry  and field results were pooled and the  data 
fo r  th e  tw o  m e th o d s  c o m p a re d  by regression analysis, a corre la tion  coeffic ien t of 
0.97 was found. It was suggested, however, th a t  additional experim enta tion  be done 
to  d e t e r m i n e  t h e  a c c u r a c y  a n d  p r e c i s o n  o f  b o t h  m e th o d s  fo r  u se  in TDI
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c o n c e n t r a t i o n s  of 5 ppb (35 y g / c u  m) or le s s .  D u rin g  th e  course of this study
[ 1 3 7 ] ,  th e  a u th o rs  d iscovered  th a t  two midget impingers in series were necessary 
to  t r a p  a i rb o rn e  TDI adequately . Although the 1973 NIOSH c r i te r ia  document [37 ] 
s t a t e d  t h a t  a " s in g le  bubbler absorbs 95% of the diisocyanate if the  concentra tion  
is below  2 ppm," Miller and Mueller determ ined  th a t ,  a t  TDI concentra tions  ranging 
f ro m  1 to  76 ppb (7 -532  y g / c u  m), the  collection effic iency of the f irs t  bubbler 
was approxim ately 83%.

The D u n lap /IC I  m o n i to r  h as  also been used to  measure MDI under laboratory  
[ 1 1 6 ,1 3 8 ]  and  f ie ld  [116,137] conditions. Development of tape  color in tensity  in 
re s p o n s e  to  MDI, e i t h e r  as  a v ap o r  g e n e ra te d  in toluene solution [138]  or when 
sp o tted  in known concentrations d irectly  on the tape [1 1 6 ] ,  was approxim ately 75% 
of th e  m ax im um  w hen r e a d  a t  15 m in u te s  and  th e  r e a c t i o n  was com plete  in 4 
hours. Maximum color development with TDI, on the o ther hand, is com plete  a t 15 
minutes.

W here  MDI m ay be found  as  a c o n s t i t u e n t  of a r e a c t i v e  p a r t i c u l a t e ,  the 
a c c u r a c y  o f  t h e  m o n i to r  m ay be  f u r th e r  re d u c e d .  In an  in i t i a l  t e s t  of th e  
applicability of the Dunlap/ICI a re a  monitor in MDI systems, results  obtained by the  
m o n i to r  in foam  and p a in t  sp ra y in g  o p e ra t io n s  w e re  36% and 35%, respectively
[ 1 3 8 ] ,  of those de tec ted  by the  bubbler method of Meddle e t  al [ 4 4 ] .  The author 
[ 1 3 8 ]  e x p l a i n e d  t h a t  c o n t i n u e d  p o ly m e r i z a t io n  o f  MDI w ith  o th e r  a e ro s o l  
c o m p o n e n ts  w ould  r e d u c e  th e  availability of reac tive  isocyanate  functional groups 
for color formation.

M iller  and  M uelle r  [ 1 3 7 ]  e x te n d e d  their evaluation of the  TDI tape  monitor 
f o r  u se  in  a n  MDI f o a m i n g  o p e r a t i o n .  A f te r  ap p ly in g  th e  m a n u f a c tu r e r ' s  
r e c o m m e n d e d  c o r r e c t io n  fac to r ,  the  authors found th a t  the values obtained by the  
ta p e  m o n i to r  a t  r e a d in g s  ra n g in g  from 1 to 5 ppb (10-50 y g /c u  m) w ere in good 
agreem ent with those obtained by the  spectrophotom etric  method.

D h a rm a ra ja n  and  Weill [116] assessed the perform ance of the  TDI continuous 
t a p e  m o n i to r  fo r  a n a ly z in g  b o th  h e a t - g e n e r a t e d  and  fo a m -sp ra y -g e n e ra te d  MDI 
aerosols. Eight-hour TWA concentra tions  of MDI in ppb determ ined  by the  monitors 
w e re  c o m p a re d  w ith  th o s e  o b ta in e d  by the  s tandard NIOSH-recommended method 
[ 1 3 0 ] .  In th e  ra n g e  o f  5-8 ppb as  d e t e r m in e d  by the  NIOSH m ethod, the tape 
m o n i to rs  c o n s i s te n t ly  g av e  r e a d in g s  ind ica ting  concentra tions  tw o to th ree  times 
h ig h e r .  The au th o rs  [116] explained this d ifference by pointing out th a t ,  whereas 
th e  f i l t e r  t a p e  m edium of the monitors could be expec ted  to  co llec t 99.9% of the 
MDI a e ro s o l ,  an im p in g e r  f lo w r a te  of 1 l i te r /m inu te  would se lec t  against certa in  
p a r t i c l e  s iz e  p o p u la t io n s .  The a b s o rb e r  c o l l e c t io n  e f f i c i e n c y ,  however, was not 
d e te r m in e d  in th is  s tu d y .  H av ing  e m p h a s iz e d  th e  necess i ty  for expressing MDI 
c o n c e n tra t io n s  in units of m g/cu  m, the authors devised a procedure for calibrating 
th e  TDI t a p e  m o n i to r  fo r  use  in MDI a e ro s o ls .  Known c o n c e n t r a t io n s  of MDI 
d is so lv ed  in to lu e n e  w e re  s p o t t e d  on th e  tape. A fte r  a tim e in terval consistent 
w i t h  t h a t  u s e d  u n d e r  w o r k p l a c e  c o n d i t i o n s ,  th e  t a p e  w as  run  th ro u g h  th e  
p h o t o m e t r i c  d e t e c t o r .  C o lo r  in t e n s i ty  d e v e lo p e d  du r in g  th i s  t im e  cou ld  be
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co rre la ted  with the known concen tra tion  of MDI in m g/cu m. However, the  authors 
[116] did not te s t  the validity of this calibration method in the  workplace.

In v iew  of these findings [116 ,138 ] ,  it  is im portan t th a t  calibration  curves for 
co n t in u o u s  ta p e  monitors used to  d e tec t  MDI be construc ted  to sim ulate as closely 
as possible the ac tual conditions under which the monitor will be used.

The ph en o m en o n  descr ibed  by a number of investigators [60,115,116,135,138], 
t h a t  MDI is r a r e ly ,  if e v e r ,  found  as a  g as  a t  a m b ie n t  te m p era tu re s ,  has been 
shown to  app ly  to  NDI and  dianisidine diisocyanate [4 4 ]  and can be considered a 
g e n e ra l  p r o p e r ty  of o th e r  d i iso cy an a te s  th a t  are  solids or viscous liquids a t  room 
tem pera tu re .

(d) Chrom atographic Methods

In 1 9 7 4 ,  S ch an ch e  and  H e rm a n n  [ 1 2 5 ]  d e s c r ib e d  a  p a i r e d  sam p l in g  and  
a n a ly t i c a l  m e th o d  t h a t  c a n  re l iab ly  m easure TDI concen tra tions  in air in the ppb 
r a n g e .  The sampling tra in  consisted of th ree  midget impingers connected  in series, 
e a c h  c o n ta in in g  10 m l of c h r o m a to g r a p h ic - g r a d e  to lu e n e .  To analyze TDI, the 
investigators used a gas chrom atograph equipped with an e lec tro n -cap tu re  de tec to r .

The im p in g e rs  w e re  c o n n e c te d  by glass and Teflon connectors  to prevent the 
s u r f a c e  a b s o r p t i o n  o f  TD I t h a t  would  o c c u r  if s y n t h e t i c  or n a tu r a l  ru b b e r  
c o n n e c to r s  w e re  used  [ 1 2 5 ] .  The sa m p lin g  r a t e  w as l im ite d  to  1 l i te r /m inu te  
because a t  higher sampling ra te s  the toluene in the impinger would bubble over into 
th e  n e x t  im p inger in the series and because excessive evaporation of to luene could 
occur.  The authors suggested th a t  0.1 ml should be the maximum allowable volume 
fo r  e v a p o r a t io n  fo r  one  im p in g e r .  This r a t e  of evapo ra tion  would introduce an 
a d d i t io n a l  1% erro r  in to  the cum ulative error for the resu ltan t concen tra tion . The 
t o t a l  c o l l e c t io n  e f f i c i e n c y  of th is  system was 98%, with the f i r s t  impinger being 
90% effic ien t.

The a n a ly t ic a l  s y s te m  c o n s is te d  of a B a rb e r -C o lm a n  S e r ie s  5000 S e lec tra  
S ys tem  gas  chrom atograph equipped with a tr i tium -source  e lec tro n -cap tu re  de tec to r  
[ 1 2 5 ] .  A 4 - fo o t  P y re x  U -tube column (1/4-inch inner d iam eter) was packed with 
C h ro m o so rb  G (60 /80  mesh) solid support coa ted  with a m ixture of Epon 1001 and 
A piezon  L. O x y g e n - f r e e  n i t r o g e n  was used  as  th e  c a r r i e r  g as  a t  an optimum 
f lo w r a te  of 100 m l/m inute a t  an in le t pressure of 15 psig. O perating tem pera tu res  
w ere  150 C fo r  th e  co lu m n  and  in j e c t io n  port and 170 C for the d e tec to r  bath. 
The l iqu id  sa m p le  s iz e  fo r  in je c t io n  w as 5 y l  [ 1 2 5 ] .  Calibration  curves were 
p r e p a re d  by s e q u e n t i a l ly  d i lu t in g  TDI with chrom atographic-grade toluene [1 2 5 ] .  
T h e  c a l i b r a t i o n  c u r v e s  w e r e  th e n  c h e c k e d  a g a in s t  a  p r im a ry  s ta n d a r d  (TDI 
p e r m e a t io n  tu b e ) .  This p a i r e d  sy s te m  o f  sampling and analysis could accurate ly  
a n a ly z e  TDI in a 1 0 - l i te r  s a m p le  of dry air a t  1.4 ppb (10 y g /c u  m). When the 
system  was te s ted  using air th a t  had not been previously dried, readings were lower 
t h a n  e x p e c t e d .  A f te r  a p p r o p r ia t e  c o r r e c t i o n s  w ere  m ade  fo r  th e  e f f e c t s  of 
humidity [1 2 2 ] ,  the authors [125] obtained an overall effic iency  of 97%.
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A th in - l a y e r  c h r o m a to g r a p h ic  (TLC) m e th o d  w as developed  by Keller e t al 
[ 1 1 3 ]  for isolation and quan tita t ive  determ ination  of various isocyanate  compounds. 
The m e th o d  is b a se d  on th e  r e a c t io n  o f  i s o c y a n a te s  w ith  N -4-n itrobenzyl-N -n- 
p ro p y la m in e  (n itro  reagent) to form the corresponding ureas. The concen tra tion  of 
th e  u r e a s  a r e  th e n  determ ined. The method is said to  be capable of isolating and 
m e a su r in g  d i iso c y an a te  monomers in the presence of partia lly  polym erized reac tion  
p ro d u c ts .  C o n cen tra t io n s  of both monomer and f ree  isocyanate-contain ing polymer 
can be determ ined.

Air in th e  w ork ing  e n v i ro n m e n t  is s a m p le d  with two impingers containing a 
s o lu t io n  of th e  n i t r o  r e a g e n t  [ 1 1 3 ] .  The s o lu t io n s  in th e  im p in g e rs  a re  then 
co m b in ed  and  e v a p o r a te d  to  d ry n e ss ,  and  th e  re m a in in g  r e s id u e  is dissolved in 
b e n z e n e .  The benzene solution is chrom atographically  analyzed on th in-layer silica- 
ge l p l a t e s ,  and  u reas  are  visualized by reducing the  nitro  groups to  amines and by 
d iazo tiz ing  the  amines with nitrous fumes. A fter  evaporation of the  nitrous fumes, 
the  thin-layer chrom atographic p lates are  sprayed with N -l-naphthy l e thylenediam ine 
and q u a n t i ta t iv e  determ inations are  made by visual comparison of the  samples with 
s ta n d a rd s .  S cann ing  d e n s i to m e t r y  can be used for more acc u ra te  determ inations. 
The low er lim it for the determ inations was found to be 80 y g /c u  m for MDI, HDI, 
and TDI. The method, however, is tim e consuming and requires skilled a t ten tio n  to  
deta il  during the reduction and coupling steps.

A h ig h -p e r fo rm a n c e  l iqu id  c h r o m a to g r a p h ic  (H PLC) m e th o d  fo r  d e t e c t i n g  
i s o c y a n a t e s  w a s  d e v e lo p e d  by D unlap  e t  al [ 1 3 9 ] .  C o n c e n t r a t i o n s  in w ork 
e n v i ro n m e n ts  w e re  determ ined  by collecting the  isocyanates with an impinger a t  a 
f lo w r a te  of 2 l i t e r s / m i n u t e  in to  n itro  reagent dissolved in toluene. The reac tion  
p r o d u c t  u r e a s  w e r e  a n a l y z e d  u s in g  H P L C  w i t h  u l t r a v i o l e t  d e t e c t i o n .  
C h ro m a to g ra p h ic  s e p a r a t io n  o f  th e  u r e a s  w as accomplished on a pellicular silica 
H PLC co lu m n . As w ith  th e  TLC m e th o d  [ 1 1 3 ] ,  b o th  a l i p h a t i c  and  a ro m a t ic  
i s o c y a n a te s  can  be analyzed. The HPLC method, however, ex tended  the  de tection  
l im i t s  to  5, 5, and 10 y g  of TDI, MDI, and HDI, respectively . The values were 
based  on a 20-,l i te r  air sample and a 9 0 -y l  injection volume. The method cannot be 
used to  a n a ly z e  a tm o s p h e r e s  th a t  can oxidize or reduce the nitro  reagent used in 
the impingers during sampling.

A s im i la r  b u t  in d e p e n d e n t ly  d e r iv e d  H PLC m e th o d  has been  described and 
e x te n s iv e ly  c h a r a c t e r i z e d  by Vogt e t  al [1 2 3 ] .  The study exam ined a varie ty  of 
c o l u m n  m a t r i c e s ,  s i z e s ,  p a c k i n g  p r o t o c o l s  a n d  s o l v e n t  p r o g r a m s  fo r  th e  
d e t e r m in a t io n  of n i t r o - u r e a  d e r iv a t iv e s  o f  MDI, 2 ,4 -T D I,  2 ,6 -T D I,  HDI, and a 
p o ly m e r ic  fo rm  (p r im a r i ly  t r im e r )  o f  HDI, l ,3 ,5 - t r i s - (6 - i so c y a n a to h e x y l )  biuret. 
S im ila r  to  th e  r e s u l t s  o f  D unlap e t  al [1 3 9 ] ,  excellen t resolution of mixed ureas 
was obta ined . Depending on the experim ental conditions [1 2 3 ] ,  minimal de tec tab le  
l im i t s  w e re  s l ig h t ly  v a r ia b le ;  1.2-2.0 ng for MDI and 2,4-TDI, 1.2-5.0 ng for 2,6- 
TDI, 5 .0 -6 .2  ng for HDI, and 40-240 ng for the HDI biuret.  The apparent reac tion  
t im e s  of th e  d i i s o c y a n a te s  w ith  n i t r o  r e a g e n t ,  judged  to  be p e r t i n e n t  in field 
a p p l ic a t io n s ,  w ere also measured. Maximum urea  fo rm ation  for MDI, 2,4-TDI, 2,6- 
T D I, a n d  HDI w as  c o m p l e t e  in  10 , 10 , 2 0 ,  a n d  60 m in u te s ,  r e s p e c t iv e ly .
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R e p ro d u c ib i l i ty  w as w e ll  w i th in  e x p e r im e n ta l  e r r o r ,  re la tive  standard deviations 
be ing  g e n e ra l ly  be low  15%. U re a  d e r iv a t iv e s  fo r  a l l  t e s t e d  i s o c y a n a te s  were 
reportedly s tab le  for about 10 days.

A p re l im in a ry  NIOSH study [140]  of the HPLC analy tica l technique failed  in 
i t s  a t t e m p t s  to  r e p ro d u c e  th e  r e s u l t s  o b ta in e d  by the  developers of the  method 
[ 3 2 ,1 2 3 ] .  The report [140 ]  c i ted  the following reasons for failure: de terio ra t ion
of s i l i c a  ge l  co lu m n s  c a u s e d  by excess nitro  reagent in samples; oxidation of the 
n i t r o  r e a g e n t  a f t e r  sam p lin g ;  shipping and exposure problems posed by the  use of 
to lu e n e  in th e  c o l l e c t i o n  m e d iu m . The time a l lo tted  for the study precluded an 
a t te m p t  to  resolve these problems.

Two o f  these  d ifficulties  have already been addressed by previous investigators 
[ 1 2 3 ,1 3 9 ] .  To e l im in a te  excess nitro  reagent in samples, Vogt e t  al [123 ]  added 
p - to ly l  i s o c y a n a te  to  th e  absorbing solution a f te r  the co llec ted  diisocyanates were 
a l lo w ed  t im e  ( a b o u t  1 hour) to  r e a c t .  The r e s u l t in g  m o n o u re a  deriva tive  was 
o b s e r v e d  to  ru n  w e l l  a h e a d  o f  th e  d iu re a s .  A l t e r n a t iv e ly ,  co lu m n  l i f e  w as 
p r e s e rv e d  f ro m  the e f fe c ts  of excess nitro  reagent by daily flushing of the  column 
with solvent.

D e c o m p o s i t io n  of n i t r o  r e a g e n t  du ring  sam p lin g  in o x id iz in g  or re d u c in g  
a t m o s p h e r e s  r e m a i n s  a s e r io u s  d is a d v a n ta g e  of th is  m e th o d  [ 1 2 3 ,1 3 9 ] .  The 
d e c o m p o s i t io n  r e p o r t e d  [ 1 4 0 ] ,  h o w e v e r ,  a p p e a r e d  to  be a result of insufficient 
p u r i f i c a t i o n  of th e  s y n th e s iz e d  n i t r o  r e a g e n t  and  o f  th e  grade of toluene used. 
N i tro  r e a g e n t  is now com m ercia lly  available. When the nitro reagent is dissolved 
in c h r o m a to g r a p h ic - g r a d e  to lu e n e ,  absorber solution im purities should be minimal. 
C om pounds  t h a t  w ill  i n t e r e f e r e  w ith  th is  procedure are  those th a t  absorb in the 
u l t r a v io le t  range and also have the same column re ten tion  tim e as the diisocyanate 
being investigated.

T o lu en e  r e m a in s  the  solvent of choice for this method [123,139,140]. Federal 
r e g u la t io n s  (49 C FR  172) allow air transporta tion  of to luene in quan tities  of up to  
1 q u a r t / p a c k a g e .  W here  p e rs o n a l  s a m p lin g  p ro c e d u re s  m ay ex p o se  workers to 
to lu e n e  v ap o r  fo r  e x te n d e d  p e r io d s ,  a i r  s a m p le r  o u t le ts  could be f i t te d  with an 
appropria te  scrubber.

A f te r  reviewing the  currently  available analytical methods, NIOSH recommends 
th e  H PLC p ro c e d u re  described above [123 ,139] .  This method is described in detail 
in A ppendix  I. A lthough the  method may necess ita te  some initial experim entation  
b e f o r e  r o u t i n e  m e a s u r e m e n t s  can  b e  m a d e ,  i t  is th e  m o s t  s e n s i t i v e  m e th o d .  
B ecau se  q u a n t i t i e s  o f  d i i s o c y a n a te s  in th e  n a n o g ram  range  may be determ ined, 
r e l a t iv e ly  s h o r t  s a m p l in g  t im e s  a r e  a l lo w ed .  A na lys is  of th e  prim ary reac tion  
p ro d u c t  of d i i s o c y a n a te  and  a b s o rb e r  e n s u re s  d i r e c t  m e a s u r e m e n t  of available 
i s o c y a n a te  fu n c t io n a l  g ro u p s  and  p re c lu d e s  i n t e r f e r e n c e  by o th e r  d iisocyana te  
r e a c t io n  p ro d u c ts .  The r e l a t i v e  c h e m ic a l  s ta b i l i ty  of the n itro-ureas  [ 123,139] 
a l low s fo r  p o ss ib le  e lapsed  tim e between air sampling and subsequent analysis. In 
a d d i t i o n ,  th e  p ro c e d u re  is c a p a b le  o f  s e p a r a t in g  and  id e n t i fy in g  m ix tu re s  of
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d i i s o c y a n a te  m o n o m ers  as  w ell  as mixtures of monomer and partia lly  polymerized 
p ro d u c ts  [ 1 2 3 ,1 3 9 ] .  The p ro c e d u re  has  n o t  been te s ted  with diisocyanates other 
th a n  TDI, MDI, and  HDI. I t  is r e a s o n a b le  to  a s s u m e ,  how ever ,  th a t  a method 
w hich  can  e f f e c t iv e l y  s e p a r a t e  th e  is o m e rs  of TDI, as  does the  HPLC method, 
[ 123 ,139] can  be u sed  s u c c e s s fu l ly  fo r  m e a su r in g  o th e r  d i iso c y an a te s .  Where 
p o ss ib le  i n t e r f e r e n c e  f ro m  reducing or oxidizing atm ospheres may be encountered, 
a l t e r n a t e  sam p l in g  and  a n a l y t i c a l  m e th o d s  shou ld  be  c a l ib ra te d  with the HPLC 
procedure.

N u m ero u s  s tu d ie s  h av e  show n t h a t  a b s o rb e r  c o l le c t io n  effic iency  may vary 
d r a m a t i c a l ly  [4 4 ,1 1 1 ,1 1 6 ,1 2 5 ,1 3 7 ] .  It is the re fo re  recom m ended th a t  two serially 
c o n n e c t e d  im p in g e rs  be u sed  fo r  a i r  s am p lin g  u n t i l  a  r e p ro d u c ib le  c o l le c t io n  
e f f ic ie n c y  is established for any given operation, a f te r  which a single impinger may 
be used  fo r  ro u t in e  monitoring. The recom m ended flow rate  of 2 l i te rs /m inu te  for 
10 m in u te s  r e p r e s e n t s  a c o m p ro m is e  fo r  e f f i c i e n t  a e ro s o l  and  v ap o r  sampling 
[115 ,116].
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V. WORK PRACTICES

E xposure  to  TDI has  c a u s e d  i r r i t a t i o n  of th e  re sp ira to ry  t r a c t  and reduced 
p u lm onary  fu n c t io n ;  th is  can progress to  a condition resembling asthm a or chronic 
b ro n c h i t is  [ 3 2 , 4 3 ] ,  which in some cases has been fa ta l  [ 2 2 ] .  These e f fe c ts  have 
been  o b s e rv e d  in s e n s i t i z e d  in d iv id u a ls  e x p o sed  a t  c o n c e n t r a t io n s  as low as 7 
Vig/cu m [ 4 5 ] ,  although respiratory  e f fec ts  have generally been reported  in 
u n s e n s i t i z e d  w o rk ers  only  a t  c o n c e n t r a t i o n s  o f  140 U g /c u  m o r  h ig h e r  [ 9 0 ] ,  
I r r i t a t i o n  of th e  re sp ira to ry  t r a c t  has also been observed in individuals exposed to  
MDI [6 1 ,9 7 ,9 8 ]  and  HDI [ 4 2 ] .  E x p o su re  to  TDI and o ther diisocyanates a t  high 
c o n c e n t r a t i o n s ,  eg , du r in g  a c c id e n t a l  sp i l l s ,  is a  m a jo r  c a u s e  o f  s e n s i t i z a t i o n  
[ 31,41,42,52], and the re  is evidence th a t  massive exposures may produce e f fec ts  on 
th e  CNS [ 7 1 , 7 3 ] .  D iisocyana tes  are  also skin i r r i tan ts  and sensitizers  [105 ,141]; 
h o w ev e r ,  e f f e c t s  on th e  skin from these compounds do not appear to  have been a 
m a jo r  p ro b lem  in in d u s try  [ 3 5 ] .  Eye con tac t  with liquid TDI and TDI vapor has 
p ro d u ced  i r r i t a t i o n  and w atering of the eyes [2 ,9 ,1 2 0 ] ,  and it  is likely th a t  d irect 
eye con tac t  with o ther diisocyanates would produce similar e f fec ts .

D i is o c y a n a te s  e n c o m p a s s in g  a w ide ra n g e  of molecular weights and physical 
p r o p e r t i e s  (see  T ab le  X I - 1) a re  a v a i la b le  fo r  use  in industry. The potentials  of 
th e s e  com pounds  to  i r r i t a t e  th e  r e s p i r a t o r y  t r a c t ,  mucous membranes, eyes, and 
skin v a ry  depending  on the  particu lar  diisocyanate being considered. The potentia l 
fo r  skin ir r i ta tion  and eye injury is generally higher for the lower molecular weight 
d iiso c y an a te s  and the  severity  of these i r r i tan t  responses is reduced with increasing 
molecular weight [1 ,2 ,142 ,143].

The potential resp ira tory  hazards encountered  during the  use of diisocyanates in 
th e  w o rk p la c e  a re  re la ted  to the ir  vapor pressures [1 ,2 ,1 4 2 ] .  The lower molecular 
w e i g h t  d i i s o c y a n a te s  t e n d  to  be  m o re  re a d i ly  v o la t i l i z e d  in to  t h e  w o rk p la c e  
a tm o s p h e re  th a n  th e  h ig h e r  m o le c u la r  w e ig h t  d i i s o c y a n a te s  [ 1 , 2 ] .  Figure XI-1 
presen ts  graphically the  decrease  in vapor pressure with increasing molecular weight 
for s e v e r a l  d i i s o c y a n a te s .  The low er molecular weight diisocyanates, such as HDI 
and  TDI, w hen h an d le d  w i th o u t  special precautions, can  re lease am ounts of vapor 
s u f f i c i e n t  to  be e x t r e m e ly  i r r i t a t in g  to  the resp ira tory  t r a c t  of workers [2 ,1 4 2 ] .  
H igher  m o le c u la r  w e ig h t  c o m p o u n d s  such as NDI, IPDI, and MDI present a lesser 
vapor h a z a rd  w hen h a n d le d  in w ell-ventila ted  areas  a t  normal room tem pera tu res ,  
ie, le ss  th a n  a p p ro x im a te ly  40 C (104 F) for MDI [1 ,2 ,6 ,104 ,121,142]. Although 
th e  vapor pressures of the  higher molecular weight diisocyanates a re  rela tively  low, 
th e y  m ay g e n e ra te  vapor concentrations sufficient to cause resp iratory  and mucous 
m e m b ra n e  i r r i t a t i o n  if th e y  a r e  h an d le d  in poo rly  ven tila ted  areas. Air exhaust 
h o o d s  m ay be n e c e s s a ry  u n d e r  su ch  c o n d i t io n s  [ 1 2 1 ] .  H igh m o le c u la r  w e ig h t  
d i i s o c y a n a te s  like  MDI m ay  also present significant vapor hazards when heated  or 
used in exotherm ic  production processes [1 ,2 ,6 ,8 ] .
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The p h y s ica l  s t a t e  of th e  d i i s o c y a n a te  be ing  h a n d le d  w ill  a lso  a f f e c t  the 
p o te n t i a l  h a z a rd s  e n c o u n te r e d  du r in g  i t s  use. MDI and NDI, which a re  normally 
so lid  m a te r i a l s  a t  room  te m p era tu re ,  p resent less vapor inhalation or skin con tac t 
h a z a rd  as  a  r e s u l t  of s p la s h e s  or sp il ls  th a n  th e  lo w er  m olecu la r  weight liquid 
d i i s o c y a n a te s  do [ 1 , 2 ] .  H o w e v e r ,  w o rk e rs  should be aw are of the  possibility of 
r e s p i r a to r y  and mucous m em brane ir r i ta tion  from the dusts of such compounds, and 
of c o n ta m in a t io n  of t h e i r  c lo th in g  w ith  th e  powdered diisocyanates. Operations 
invo lv ing  th e  use  of such  com pounds, such as weighing, should be perform ed with 
e q u ip m e n t  incorpora ting  a  barrier betw een the worker and the diisocyanate . Local 
e x h a u s t  v e n t i l a t io n  m ay  a lso  be n e c e s s a ry .  C lo th in g  c o n t a m in a te d  w ith  solid 
d i i s o c y a n a te  should be decontam inated  and laundered as soon as possible to  prevent 
f u r th e r  e x p o su re  of th e  w o rk e r  and to  avoid contam ination of o ther  work areas. 
Spills  invo lv ing  th e s e  compounds should also be decontam inated  and c leaned up as 
soon as possible.

The p ro c e s s e s  and  o p e r a t io n s  in which diisocyanates a re  used will a f f e c t  the 
s e v e r i ty  of th e  h a z a rd .  In d u s t r ia l  p ro c e s s e s  in vo lv ing  e v a p o r a t io n  from  large 
s u r f a c e  a rea s  or spraying operations may result in a g rea te r  po ten tia l vapor hazard 
th a n  o p e ra t io n s  in vo lv ing  p o u r in g - in -p la c e  or f ro th in g  techniques [6 ,8 ,104 ,121].  
S pec ia l h a z a rd s  m ay a r i s e  in spraying operations since the diisocyanate-containing 
aerosol cloud may drif t  to areas  beyond the  im m ediate  spraying area .

D i is o c y a n a te s  r e a c t  w ith  w a te r  to  fo rm  c a rb o n  dioxide and water-insoluble 
p o l y u r e a s  [ 1 1 ] .  T h e  r a t e  o f  r e a c t i o n  is v e r y  s lo w  fo r  TDI and  MDI a t  
t e m p e r a t u r e s  be low  50 C . As th e  t e m p e r a t u r e  inc reases ,  the  reac tion  betw een 
th e s e  co m p o u n d s  and  w a te r  becomes more vigorous. TDI and MDI will also reac t  
w ith  b a se s ,  such  as  sod ium  h y d ro x id e ,  a m m o n ia ,  p r im ary  and secondary amines, 
a c id s ,  and a lc o h o ls .  This r e a c t i o n  m ay be v io le n t ,  p ro d u c in g  enough  h e a t  to 
in c re a s e  th e  e v o lu t io n  of diisocyanate vapor and the generation  of carbon dioxide. 
T hese  r e a c t io n s ,  l ike  th e  reac tions  with w ater ,  may lead to  dangerously increased 
p re s s u re  in c lo se d  c o n t a in e r s  [ 1 4 4 ] ,  Thus, conta iners  of diisocyanates should be 
k e p t  c lo se d  as m uch  as  possible to prevent w ater ,  a tm ospheric  m oisture, or o ther 
reac tive  compounds from entering  and vapors or solids from escaping.

D i is o c y a n a te s  shou ld  be transported  or s tored  in sealed, in ta c t  containers . A 
" se a le d  c o n ta in e r "  is one  th a t  has been closed and kept closed to  the ex ten t tha t 
th e r e  is no r e l e a s e  of d i i s o c y a n a te s .  An " i n t a c t  container" is one th a t  has not 
d e t e r i o r a t e d  o r  b e e n  d a m a g e d  to  th e  e x t e n t  t h a t  d i i s o c y a n a te s  a r e  r e le a s e d .  
D i is o c y a n a te s  in s e a le d ,  i n t a c t  c o n ta in e r s  shou ld  pose  no th re a t  of exposure to 
e m p lo y e e s ;  t h e r e f o r e ,  i t  is n o t  necessary to  comply with required monitoring and 
m e d ic a l  s u rv e i l la n c e  r e q u i r e m e n t s  in o p e ra t io n s  in vo lv ing  such  con ta ine rs .  If, 
h o w ev er ,  c o n ta in e r s  a r e  o p e n e d  o r  broken so th a t  diisocyanates may be released, 
th e n  all provisions of the  recom m ended standard should apply. Indoor s torage areas 
should  be d ry , f i r e p r o o f e d  (au tom atic  sprinkler system s should be considered), and 
w ell v e n t i l a t e d ;  t e m p e r a t u r e  e x t r e m e s  in these a reas  should be avoided [9 ,1 2 1 ] .  
The s to r a g e  a r e a  shou ld  h av e  a  f i rm  f lo o r  m ad e  of some nonabsorbent m ateria l
[ 6 ] .  If d i i s o c y a n a te s  a r e  a c c id e n ta l ly  frozen  during storage or while in transit,
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th e y  m ay be th a w e d  by s torage in a warm a rea  [1 2 1 ] .  Extrem e caution must be 
used  if h e a t  is a p p l ie d ,  and a f lam e or similar localized hea t source should never 
be used.

D i is o c y a n a te s  are  transported  in drums, tank trucks , or tank cars. Containers 
should  be properly  labeled and shippers should be aw are of precautions to be taken 
f o r  t r a n s p o r t i n g ,  lo a d in g ,  and  un load ing  th e  p a r t i c u l a r  c o n ta in e r  and ty p e  of 
d i i s o c y a n a te  b e ing  t r a n s p o r te d .  Emergency measures to  be taken  in the event of 
an a c c id e n t  o r  some type of damage to the container or tank en route should also
be w orked  o u t  in a d v a n c e  by th e  sh ipper  and  the supplier or producer [ 9 ] ,  The
H a z a r d o u s  M a t e r i a l s  R e g u l a t i o n s  as  p ro m u lg a te d  by th e  US D e p a r tm e n t  of 
Transportation in 49 CFR Subchapter C should be adhered to  where applicable.

W here bulk quantities  of diisocyanates are  handled, adequate  ventilation should 
be p ro v id e d  and r e s p i r a t o r y  p r o t e c t iv e  e q u ip m e n t  should  be  r e a d i ly  ava ilab le .  
W orkers  shou ld  w ear chem ical safe ty  goggles when handling solid diisocyanates and 
c h e m ic a l  s a f e ty  g o g g le s  w ith  f a c e  shields when using liquid diisocyanates. Local 
e x h a u s t  v e n t i l a t io n  shou ld  be e m p lo y ed  when opening containers of diisocyanates 
[ 9 ] .  L o ca l  e x h a u s t  v e n t i l a t io n  should  a lso  be used when performing laboratory 
operations involving diisocyanates.

S ince  th e  f la s h p o in ts  of m o s t  d iisocyanates  are  high, the  compounds are  not
f la m m a b le  und er  n o rm a l  c ircum stances, although they can burn if they are  heated
s u f f i c i e n t ly .  B ec a u se  of th e  w ide ra n g e  of physica l and chem ical properties of 
d i i s o c y a n a te s  ( see  T a b le  X I-1), i t  is im p o r ta n t  to be aw are of the potential fire 
h a z a rd  t h a t  m ay be a s s o c ia t e d  w ith  a p a r t i c u l a r  d i i s o c y a n a te  in the  industrial 
s e t t in g  in w h ich  i t  is u sed  or s to r e d .  Any d i i so c y a n a te  involved in a f ire  may 
p ro d u ce  high concentrations of toxic vapors, and only tra ined  and properly equipped 
p e rso n n e l  should  be  in v o lv ed  in f i r e f ig h t in g .  All nonessential personnel should be 
e v a c u a te d  f ro m  th e  a r e a  du r in g  a fire . Suitable extinguishing media for fighting 
d i i s o c y a n a te - s u p p o r te d  f i r e s  a r e  dry c h e m ic a l  p o w d er ,  carbon dioxide, or foam. 
W ate r  should  be u sed  only  if  l a rg e  q u a n t i t i e s  a r e  a v a i la b le ,  since the reac tion  
b e tw e e n  w a te r  and a hot diisocyanate may be vigorous. A fte r  the f ire  is out, the 
a r e a  shou ld  be  i n s p e c t e d  by p ro p e r ly  p r o t e c t e d  p e r s o n n e l ,  and  any s u sp e c te d  
r e s id u e s  shou ld  be decon tam inated  before o ther workers a re  pe rm itted  to  re tu rn  to 
the area .

C o n ta c t  w ith  d i i so c y a n a te s  will cause plastic  and rubber m ateria ls  to  become 
b r i t t l e  a f t e r  a short tim e. This could result in leaks from p lastic  or rubber hoses. 
W here a p a r t i c u l a r  m achine requires high-pressure lines or hoses for diisocyanates, 
th e s e  l in e s  should  be  m a d e  of p o l y t e t r a f l u o r e th y l e n e  or e q u iv a le n t  with m etal 
b r a i d i n g  on  t h e  o u t s i d e .  N e i t h e r  TDI n o r  MDI is  c o r r o s i v e  to  m e ta l s  a t  
tem pera tu res  normally encountered  in industrial operations [1 4 4 ] .

Under normal working conditions, where engineering controls and work practices 
a r e  a d e q u a t e  t o  k e e p  d i i s o c y a n a t e  c o n c e n t r a t i o n s  be low  th e  r e c o m m e n d e d  
e n v i ro n m e n ta l  l im i t s ,  e m p lo y e e s  should  w ea r  covera lls  (heavy co tton  m ateria l is
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re c o m m e n d e d )  and  g lo v e s  m ad e  o f  e i t h e r  rubber or polyvinyl chloride [1 4 4 ] .  If 
l iqu id  d i i s o c y a n a te s  m ay be p r e s e n t  on the floors of work areas,  rubbers or shoe 
co v e r in g s  m ade of m ateria ls  res is tan t to the penetra tion  of diisocyanates should be 
w o rn  o v e r  l e a t h e r  s a f e t y  s h o e s .  R u b b e r s  t h a t  b e c o m e  c o n t a m in a te d  w ith  
diisocyanates should be decontam inated  or cut up and discarded.

If s p la s h e s  or c o n t a c t  w ith  a e ro s o ls  of d i i s o c y a n a te s  a r e  l ik e ly  to  occur, 
e m p lo y e e s  should  w e a r  ru b b e r  or polyvinyl chloride gloves and aprons and rubber 
b o o ts ;  a p p r o p r ia te  r e s p i r a t o r y  e q u ip m e n t ,  as  d e s c r ib e d  in T a b le  1-1, should be 
readily available. Where supplied-air respirators  are  used, the  air supply must come 
f ro m  a s o u rc e  not c o n t a m in a t e d  w ith  diisocyanates [1 4 5 ] .  For all workers near 
spray gun operations (within approxim ately 10 fee t) ,  an air-supplied hood, impervious 
g lo v e s  (rubber or polyvinyl chloride), tightly  buttoned coveralls, and rubber galoshes 
o r  b o o t s  a r e  n e e d e d  [ 1 4 6 ] .  W orkers  w i th o u t  th is  e q u ip m e n t  shou ld  no t  be 
p e r m i t t e d  c lose  enough to  spraying operations perform ed outdoors to  be exposed to 
d i i s o c y a n a te  vap o rs  or pa r ticu la tes .  A minimum of 50 fe e t  is recom m ended. For 
indoor spraying operations, the  safe  distance for unpro tec ted  workers will depend on 
t h e  t y p e  a n d  e f f i c i e n c y  of th e  v e n t i l a t i o n  p ro v id e d  [ 147 ,60 ]  w h ile  a m b ie n t  
c o n d i t io n s ,  such  as wind direction and velocity, will be im portan t in determining a 
safe  distance for outdoor operations [1 4 6 ] .

C u p - ty p e  c h e m ic a l  s a f e ty  goggles  with face  shields should be worn wherever 
t h e r e  is d an g e r  of l iq u id  d i i s o c y a n a te  co m in g  in c o n t a c t  w i th  th e  e y e s .  For 
c o n t in u o u s  e y e  p r o t e c t io n  un d er  n o rm a l  cond itions ,  spec tac le - type  sa fe ty  glasses 
w ith  4 8 -w ire  mesh sideshields may be used. Equipment for eye p ro tec tion  must be 
be  in  a c c o r d a n c e  w ith  th e  A m e r ic a n  N a t io n a l  S ta n d a rd  fo r  O c c u p a t io n a l  and 
E d u c a t io n a l  Eye and F a c e  P r o t e c t io n ,  Z 87 .1-1968 [1 4 8 ] ,  as specified in 29 CFR 
1910.133.

P r o t e c t i v e  c lo th in g  t h a t  has  becom e contam ina ted  with a diisocyanate to an 
e x t e n t  th a t  may resu lt in an excessive resp iratory  or skin co n tac t  hazard should be 
p r o m p t l y  re m o v e d .  B e fo re  be ing  re u se d ,  th e  c lo th in g  shou ld  be so a k e d  in a 
d e c o n ta m in a t in g  s o lu t io n  (eg ,  90% w a te r ,  2% liqu id  de tergen t,  8% co ncen tra ted  
a m m o n ia  so lu tio n )  and  th e n  la u n d e re d  n o rm a l ly .  E m ployers  a re  responsible for 
e n su r in g  t h a t  e m p lo y e e s  who launder clothing con tam ina ted  with diisocyanates a re  
p rovided  with adequate p ro tec tive  equipment and are  aw are of the  hazards of these 
c o m p o u n d s  and  a p p r o p r ia t e  m e th o d s  fo r  h an d lin g  th e m  s a f e ly .  If an  o u ts id e  
la u n d e r in g  f a c i l i t y  is u sed , th e  laund ry  employer must be advised of the  hazards 
i n v o l v e d  in  h a n d l i n g  c l o t h i n g  c o n t a m i n a t e d  w ith  d i i s o c y a n a te s  and  of th e  
requirem ents  to ensure th a t  the laundry employees a re  not exposed to diisocyanates.

When le ak s  or spills of diisocyanates occur, only properly tra ined  and equipped 
p e rso n n e l  w e a r in g  appropria te  p ro tec tive  clothing should be p e rm itted  to remain in 
th e  a r e a  [ 9 ] .  If major spills occur, air-supplied masks or se lf-con ta ined  breathing 
a p p a r a tu s  as  described in Table 1-1 must be used by workers in the area . Leaking 
con ta iners  should be removed to the outdoors or to  an isolated, w ell-ven tila ted  area  
b e f o r e  t h e  c o n t e n t s  a r e  t r a n s f e r r e d  to  o th e r  s u i t a b le  c o n t a in e r s .  A d e q u a te
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fa c i l i t ie s  for handling spills should be provided, including suitable  floor drainage and 
re a d i ly  a c c e s s ib le  h o ses ,  mops, buckets, and absorbent m ateria ls .  Spills should be 
c l e a n e d  up p r o m p t l y .  T h e  e f f e c t i v e n e s s  of w a te r  a s  a c le a n s in g  a g e n t  is 
c o n s id e ra b ly  im p ro v e d  by add ing  1-5% of  a m m o n ia ,  and  add ing  10% isopropyl 
a lco h o l f u r th e r  im p ro v e s  i t .  O il-absorbent m ateria ls  such as verm iculite  are  also 
u se fu l in cleaning spills. A fte r  use, such m ater ia l  should be shovelled into an open 
s t e e l  c o n ta in e r ,  and th e  c o n ta in e r  should then be covered and removed to a  safe 
d isposa l a r e a  aw ay  f ro m  th e  o p e ra t in g  area . The m ixture  should be soaked with 
w a te r  c o n ta in in g  a m m o n ia  and  should  s ta n d  for 24 hours in an open or partially  
open container. The container can then be closed and discarded [6 7 ,6 8 ] .

L iqu id  d i i s o c y a n a te s  shou ld  n e v e r  be w ash ed  d i r e c t ly  dow n th e  drain with 
w a te r ,  b e c a u se  th e  so lid s  t h a t  r e s u l t  m ay plug th e  se w e r  l in e .  Any e x is t in g  
r e g u la t io n s  pertaining to  the discharge of such m ateria ls  into sewer lines should be 
s t r i c t l y  a d h e re d  to .  S ince  sp ills  of diisocyanates may f reeze  during cold w eather, 
w ater and ammonia will merely coa t the solid m ate r ia l  with insoluble urea, stopping 
f u r th e r  reac tions .  In cold w eather, cleanup should be perform ed with a  m ixture of 
eq u a l  p a r t s  of iso p ro p y l a lco h o l  and  e th y le n e  g ly c o l  [ 9 , 6 8 ] .  A supply of this 
mixture should be on hand and ready for im m ediate  use in cold w eather.

If a w o rk e r 's  sk in  b e c o m e s  c o n ta m in a te d  to  t h e  e x t e n t  t h a t  t h e r e  is an  
in c re a s e d  in h a la t io n  hazard  or the possibility of prolonged skin co n tac t  with liquid 
or so lid  d i i s o c y a n a te s ,  i t  shou ld  im m ediately  be washed thoroughly with soap and 
w a te r  or iso p ro p an o l .  If w a te r  is in i t ia l ly  used to flush the skin, any remaining 
d i i s o c y a n a t e  s h o u ld  b e  n e u t r a l i z e d  and  re m o v e d  w ith  iso p ro p a n o l  [ 9 ] .  If 
d i i s o c y a n a te s  a r e  sp la sh e d  in to  th e  eyes, the  eyes should be flushed with copious 
a m o u n ts  o f  c l e a n  w a te r  fo r  a t  l e a s t  15 m inutes .  The a f fe c te d  employee should 
th e n  r e c e iv e  m e d ic a l  e v a lu a t io n  f ro m  a  h e a l th  p ro f e s s io n a l  and  obta in  fu rther  
t re a tm e n t  if necessary [ 6 7 ] .

B eca u se  of th e  po ten tia l  hazards of exposure to diisocyanates, the im portance 
of good h o u sek eep in g  shou ld  a lso  be e m p h a s iz e d .  Spills  shou ld  be c leaned  up 
p ro m p t ly ,  and  a l l  equ ipm en t used in the exposure areas, such as buckets, weighing 
c o n ta in e r s ,  and  fu n n e ls ,  shou ld  be  decon tam inated  and cleaned  im m ediately  a f te r  
use . Sm oking and  th e  c a r r y in g  of smoking supplies should be prohibited in areas 
w h e re  e x p o su re  to diisocyanates may occur, as should preparing, storing, dispensing 
( in c lu d in g  vend ing  m a c h in e s ) ,  and  co n su m in g  food  and  b e v e r a g e s .  E m p lo y ees  
ex p o sed  to  d i i s o c y a n a te s  shou ld  be encouraged to  wash the ir  hands before  eating, 
d r i n k i n g ,  o r  s m o k in g ,  a n d  b e f o r e  a n d  a f t e r  us ing  t o i l e t  f a c i l i t i e s .  The US 
D e p a r tm e n t  o f  L abor  regulations concerning general san ita tion  in the workplace as 
specified in 29 CFR 1910.141 should be adhered to.

E m p lo y ees  should be ins truc ted  on the health  hazards of diisocyanates and the 
p r e c a u t io n s  to  be fo l lo w e d  in h and ling  th e m .  They should be tra ined  to  report 
p ro m p t ly  to  t h e i r  s u p e rv iso rs  all leaks, suspected failures of equipm ent, exposures 
to  d i i s o c y a n a te s ,  or s y m p to m s  o f  e x p o s u re .  The location of sa fe ty  showers and 
e y e w a sh  fo u n ta in s  shou ld  be c l e a r ly  m a rk e d ,  and  a p p ro p r ia te  warning signs and
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la b e ls  should  be p ro m in e n t ly  d isp la y e d  in e x p o su re  a r e a s  and  on con ta iners  of 
d i i s o c y a n a te s .  E m e rg e n c y  e x i t s  should be provided and be accessible a t  all tim es. 
All e m e rg e n c y  sh o w e r ,  e y e w a sh ,  p ro te c t iv e ,  and f irefighting equipment should be 
checked periodically to  ensure its  serviceability.
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VI. DEVELOPMENT OF STANDARD

Basis for Previous Standards

In 1959, th e  A m e r ic a n  C o n fe r e n c e  of G o v e rn m e n ta l  In d u s t r ia l  H y g ie n is ts  
(ACGIH) a d o p te d  a  Threshold Limit Value (TLV) for TDI of 0.1 ppm (0.7 mg/cu m) 
as  an 8-hour TWA concen tra tion  lim it [ 1 4 9 ] .  According to  Elkins e t  al [ 3 2 ] ,  this 
v a lu e  w as firs t  proposed by Ayscue in 1954 and was based on the results  of animal 
e x p e r im e n t s  c o n d u c te d  a t  Du Pont's Haskell Laboratory. In 1957, Zapp [36] also 
recom m ended th a t  this lim it not be exceeded because respiratory  ir r i ta tion  occurred 
in a n im a ls  e x p o se d  to  TDI a t  concentrations of 1-2 ppm. He noted th a t  TDI and 
s im i la r  d i iso cy an a te s  a re  strong ir r i tan ts  to the skin, eyes, and gastro in tes tinal and 
respiratory  t ra c ts  and th a t  they may cause asthm a-like symptoms in workers.

In 1962, th e  ACGIH r e d u c e d  th e  TLV fo r  TDI to  0.02 ppm (0.14 mg/cu m)
[ 1 5 0 ] .  The 1962 D o c u m e n ta t io n  o f  T h re sh o ld  L im it  V alues c i ted  the study of 
E lkins e t  a l  [ 3 2 ] ,  who reported  respiratory  ir r i ta tion  and as thm a-like  symptoms in 
w o rk ers  in s e v e r a l  p la n ts  w h e re  TDI c o n c e n t ra t io n s  were considerably below 0.1 
ppm . The 1962 d o c u m e n ta t io n  [151 ]  c i ted  a Threshold Limits C om m ittee  Report 
by Elk ins t h a t  p r e s e n te d  s im i la r  in fo rm a tio n .  A thresold lim it of 0.01-0.03 ppm 
was suggested to  minimize the respiratory e f fec ts  of TDI. The 1962 docum entation
[ 1 5 1 ]  conc lu d ed  th a t  a  TLV of 0.02 ppm (0.14 m g/cu m) was necessary to  p ro tec t 
against allergic sensitization.

In 1 9 6 3 ,  t h e  A C G IH  [ 1 5 2 ]  n o t e d  t h a t  a TLV in th e  fo rm  o f  a TWA 
c o n c e n t r a t i o n  l im i t  m ig h t  n o t  p ro v id e  a  s u f f i c i e n t  s a fe ty  fa c to r  for fas t-ac ting  
s u b s ta n c e s .  C o n s e q u e n t ly ,  th e  TLV fo r  TDI, w h ich  rem ained a t  0.02 ppm (0.14 
m g/cu m), was changed to a  ceiling value th a t  should not be exceeded.

S u b seq u en t e d i t io n s  o f  th e  D ocum en ta tion  erf Threshold Limit Values in 1966 
[153] and 1971 [154] conta ined  several additional reports  of the  e f fec ts  of TDI on 
e x p e r im e n ta l  a n im a ls .  The 1971 d o c u m e n ta t io n  also c ited  studies by Williamson 
[ 4 1 ] ,  which reported  th a t  workers were a f fec ted  by TDI a t  concentra tions  normally 
below  0.02 ppm . The data  of P e te rs  e t  al [8 4 ,8 5 ] ,  suggesting pulmonary function 
c h a n g e s  in  w o rk e r s  e x p o s e d  to  c o n c e n t r a t i o n s  of TDI be low  0.01 ppnn, w e re  
r e p o r t e d ,  bu t  th e s e  c h a n g e s  w ere  no t c o n s id e re d  o f  s u f f i c i e n t  im p o r ta n c e  to  
in v a l id a te  th e  e x i s t in g  l im i t .  A TLV of 0.02 ppm (0.14 m g/cu m) was considered 
" s u f f i c ie n t ly  low to  p reven t substantially  all sensitiza tion  and to minimize allergic 
a ttacks ."

For MDI, the  ACGIH adopted a TLV of 0.02 ppm (0.2 m g/cu m) in 1965 [1 5 5 ] .  
T h is  l i m i t  w as  i n t e n d e d  a s  a  c e i l in g  v a lu e  no t to  be e x c e e d e d .  The 1971 
D o c u m e n ta t io n  of Threshold  Limit Values [154] described the basis for this limit. 
A lth o u g h  th e  v ap o r  p r e s s u re  of MDI is r e l a t i v e ly  low, th e  1971 docum entation 
[ 154] n o te d  t h a t  s ig n i f i c a n t  vapo r  c o n c e n t r a t i o n s  o c c u r r e d  in th e  w orkplace .
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Isocyanates in general were reported  to i r r i ta te  the skin, eyes, and resp iratory  t r a c t  
and to  c a u s e  r e s p i r a t o r y  s e n s i t i z a t i o n  w hen sufficient vapor concentra tions  were 
p r e s e n t  even for a  short tim e [1 2 0 ] .  Konzen e t  al [6 0 ]  observed an immunologic 
re sp o n se  in w o rk e rs  e x p o se d  to  MIDI a t  approxim ately 1.3 ppm-m inute but not in 
workers exposed a t 0.9 ppm-m inute. Bruckner e t  al [5 2 ]  noted  th a t  workers might 
b e c o m e  s e n s i t i z e d  to  isocyana tes  when exposed a t  concentra tions  above 0.02 ppm. 
A cco rd in g  to  the 1971 docum entation  [1 5 4 ] ,  available data  indicated  th a t  MDI was 
s im i la r  to  TDI in i t s  i r r i t a n t  and  sensitizing properties, suggesting th a t  a  similar 
ceiling value of 0.02 ppm (0.2 m g/cu  m) was w arranted.

In th e  U n i te d  S t a t e s ,  o c c u p a t io n a l  exposure standards for diisocyanates have 
b een  e s ta b l i s h e d  only  fo r  TDI and  MDI. A c c o rd in g  to  th e  In te rn a t io n a l  Labour 
O f f i c e  [ 1 5 6 ] ,  o c c u p a t io n a l  e x p o s u re  l im i t s  fo r  TDI, MDI, and  s e v e ra l  o th e r  
d i i s o c y a n a te s  hav e  b e e n  s e t  by foreign countries. These lim its  a re  sum m arized in 
Tables VI-1 and VI-2.

C u r r e n t  Federal s tandards (29 CFR 1910.1000) for the diisocyanates a re  ceiling 
limits of 0.02 ppm (0.14 m g/cu  m) for TDI and 0.02 ppm (0.2 m g/cu  m) for MDI.

In 1973, NIOSH [ 3 7 ]  p u b lish ed  c r i t e r i a  fo r  a r e c o m m e n d e d  s ta n d a r d  fo r  
o c c u p a t io n a l  e x p o s u re  to  TDI, r e c o m m e n d in g  a TWA l im i t  of 0.005 ppm (0.036 
m g /c u  m) and a ceiling limit of 0.02 ppm (0.14 m g/cu m). A care fu l review of the  
d a t a  of E lk ins  e t  al [ 3 2 ]  r e v e a le d  c a s e s  of r e s p i r a t o r y  illness in plants where 
a v e ra g e  TDI c o n c e n t r a t i o n s  w e re  be low  10 ppb (70 Ug/cu m) but none in plants 
w h e re  c o n c e n t r a t i o n s  were below 7 ppb (50 u g /c u  m). A TWA lim it of 5 ppb (36 
U g /cu  m) w as t h e r e f o r e  c o n s id e re d  to  provide some margin of safe ty . A ceiling 
l im i t  of 20 ppb (140 m g/cu  m) was based primarily on the findings of Hama [7 9 ] ,  
who r e p o r te d  t h a t  w o rk e rs  had  no sy m p to m s  a t  concentra tions  below 10 ppb but 
d e v e lo p e d  re s p ir a to ry  illness within 1 week when concentra tions  rose to  30-70 ppb; 
w hen c o n c e n t r a t io n s  w ere reduced to  10-30 ppb, the re  were no fu r th e r  complaints. 
The r e c o m m e n d e d  ceiling was intended to  p ro tec t against ir r i ta t ive  e f fe c ts  of TDI 
in n o n s e n s i t i z e d  w o rk e rs ,  b u t  e v id e n c e  w as in su ff ic ien t  to  de term ine  whether it 
would also p ro tec t  against sensitization. The document noted th a t  no evidence was 
availab le  to  point to a concen tra tion  of TDI th a t  would be safe  for workers already 
s e n s i t i z e d  to  TDI. The present document reexamines the earl ie r  recom mendations 
fo r  a TDI s ta n d a rd ,  ta k in g  into account more recen t inform ation th a t  has become 
available since 1973.

Basis for the  Recom m ended Standard

(a) Permissible Exposure Limits

T h e  a v a i l a b l e  d a t a  in d i c a te  t h a t  a t  l e a s t  t h r e e  ty p e s  o f  e f f e c t s ,  d i r e c t  
irr i ta tion , sensitization, and chronic decrease in pulmonary function, should be
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OCCUPATIONAL EXPOSURE LIMITS (MG/CU M) FOR TDI AND MDI

TABLE VI-1

C ou n try TDI MDI

U n ited  S ta te s o. 14* 0 .2*

A u stra lia o. 1^* 0 .2 *

Belgium 0 .1 2 0 .2

C zech os lo vak ia 0 . 07* * _

0 .14 * -

F ed e ra l  R epublic  
of G erm any

0.14*** 0 .2 * * *

Finland 0. lit* 0 .2 *

G erm an  D e m o c ra t ic 0 .1 * * 0 .1 5 * *
R epublic 0 .1  (STEL)* 0 .15*

Hungary 0.5 -

Italy 0 .5 0 .7

Japan 0 .1  4 -

N e therlands 0 . 14 0 .2 *

Poiand - 0 .1 *

R um ania 0 .1 * * 0 .15 *
0 .3 -

Sweden 0 .07 0 .1*  
***

S w itzer land 0 .14 * 0 .2*
■***

USSR 0 .5 * -

Yugoslavia 0 .1 4 0 .2

♦Ceiling l im it  
**TWA
♦ » »D esigna ted  as a  sen s i t iz e r  

A d ap ted  from  re f e r e n c e  156
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TABLE VI-2

OCCUPATIONAL EXPOSURE LIMITS (MG/CU M) FOR OTHER DIISOCYANATES

Compound Country Limit

Hexam ethylene 
diisocyanate (HDI)

Bulgaria
Federal Republic 

of Germany 
German D em ocra tic  

Republic 
Poland 
Rumania 
Switzerland 
USSR 
Y ugoslavia

0.05*
0.14**

0.05*

0.05

0.14**
0.05****
0.05

Isophorone
diisocyanate (IPDI)

Belgium
Federal Republic 

of Germany 
Netherlands 
Switzerland

*■*■**
0.18**

****
0 .18#**

Methylene-bis
(4-cyclohexyl
isocyanate)

Belgium
Netherlands
Switzerland

0.11^ 
0.11 
0.22**

1,5-Naphthylene 
Diisocyanate (NDI)

Federal Republic 
of Germany

0.18**

♦Ceiling limit
♦♦Designated as a  sensitizer 
♦♦♦TWA concen tra tion  
♦♦♦♦"Skin" nota tion

Adapted from re fe rence  156
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c o n s id e re d  in e s ta b l i s h in g  an e x p o s u re  l im it  for the  diisocyanates. At relatively 
high c o n c e n t r a t i o n s ,  th e  d i i so c y a n a te s  produce d irec t i r r i ta tion  of the  respiratory  
t r a c t ;  such  i r r i t a t i o n  h as  frequen tly  been reported  in workers exposed to  spills or 
o th e r  s o u rc e s  o f  high c o n c e n t r a t i o n s  [31,40,74 ,80 ,93], bu t th e re  a re  few data  to 
i n d ic a te  a  th re s h o ld  c o n c e n t r a t i o n  fo r  th i s  e f f e c t .  In e x p e r im e n ta l  10-minute 
e x p o s u re s ,  a l l  of six  v o lu n te e r s  e x p e r i e n c e d  nose  and  th ro a t  ir r i ta t io n  a t  3,600 
l ig /c u  m , o n e  of six  a t  710 y g / c u  m , and  none  a t  360 y g / c u  m; none of the  
v o lu n te e r s  r e p o r te d  c h e s t  s y m p to m s  fro m  th e s e  b r ie f  e x p o s u re s  [ 3 8 ] .  At an 
a u to m o b i le  p la n t ,  a l l  12 w o rk e rs  e x p o se d  to  TDI d e v e lo p e d  s e v e r e  re sp ira to ry  
sy m p to m s  du r in g  1 w eek  w hen concen tra tions  rose to  210-500 y g /c u  m, but they 
had  no sy m p to m s  w hen c o n c e n t r a t i o n s  re m a in e d  below 210 y g /c u  m [ 7 9 ] .  The 
l a t t e r  s tu d y  w as  th e  p r im a ry  basis for the ceiling limit of 20 ppb (140 y g /c u  m) 
fo r  TDI r e c o m m e n d e d  by NIOSH in 1973 [ 3 7 ] .  Since no reports  have been found 
of i r r i t a t i v e  e f f e c t s  in w o rk e rs  exposed below this level, this appears to indicate 
th a t  this ceiling limit provides adequate p ro tec tion  fo r  unsensitized workers.

In in d iv id u a ls  who a r e  s e n s i t iz e d  to  diisocyanates, exposure a t  concentrations 
w ell  below  th is  l im i t  c an  p ro d u c e  sym ptom s of as thm a. Several reports  [43,45- 
4 7 ,5 7 ]  hav e  d e s c r ib e d  r e a c t i o n s  in sensitized workers exposed to  TDI a t  35 
y g / c u  m or le s s .  S e n s i t i z a t io n  to  d i i s o c y a n a te s  m ay in v o lv e  an  im m unolog ic  
m e c h a n ism  [ 6 2 ]  and pharmacologic hyperreac tiv ity  to  bronchoconstric tors  [63 ,6 6 ] ;  
e i t h e r  or both types of response may be present in an individual showing sensitiv ity  
to  d i i s o c y a n a te s  [ 4 6 ,4 7 ,5 6 ] .  No th r e s h o ld  c o n c e n tra t io n  for such reactions has 
b e e n  i d e n t i f i e d ,  b u t  t h e r e  is e v id e n c e  t h a t ,  fo r  so m e  in d iv id u a ls ,  i t  m ay be 
u n m e a su ra b ly  low [ 3 1 ,5 2 ,5 6 ] ;  th u s ,  i t  is not possible a t  this tim e to  establish a  
le v e l  below which sensitized  workers will no t experience adverse resp iratory  e f fec ts  
from exposure to diisocyanates.

Several studies have shown th a t  5-20% of the workforce may becom e sensitized 
to  d i i s o c y a n a te s  [3 2 ,5 2 ,5 6 ,8 3 ] .  There is evidence, however, th a t  the incidence of 
s e n s i t i z a t i o n  can  be r e d u c e d  by c o n t ro l l in g  exposures. The data  of Elkins e t  al 
[ 3 2 ]  on 15 TDI plants showed th a t  all plants where average exposures exceeded 70 
y g / c u  m had  w o rk e rs  w ith  T D I - r e la t e d  r e s p i r a t o r y  illness, bu t no such illnesses 
w e re  r e p o r te d  in p la n ts  where average exposures were 50 y g /c u  m or lower. On 
th e  o th e r  hand, Weill [57 ] reported  instances of sensitiza tion  developing in a plant 
w h e re  a v e r a g e  TDI e x p o su re s  ra n g e d  from 14 to  50 y g /c u  m. These studies did 
n o t  r e p o r t  th e  frequency or magnitude of excursions above these  averages, so th a t  
the more precise e s tim ates  of exposure concentrations cannot be determ ined.

S e v e ra l  r e p o r t s  [3 1 ,4 1 ,4 2 ,5 2 ]  h a v e  in d i c a te d  t h a t  sens itiza tion  may follow 
e x p o su re  to  sp il ls  o r  o th e r  u n u su a lly  h igh c o n c e n t ra t io n s .  However, Pepys e t  al 
[ 4 3 ]  described sensitiza tion , verified  by challenge testing  with TDI, in four workers 
who had  no known exposure to spills. Similar sensitiza tion  was reported  by Carroll 
e t  a l [ 4 5 ]  in fo u r  o ff ice  workers employed in building ad jacent to  a TDI fac to ry . 
T w o N IO SH  h e a l t h  h a z a r d  e v a l u a t i o n s  [ 9 3 , 9 5  ] r e p o r t e d  t h a t ,  w h e re  TDI 
c o n c e n t r a t i o n s  w ere  7 y g / c u  m or be low , only  w o rk e rs  previously sensitized  a t
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h ig h e r  c o n c e n tra t io n s  had respiratory  symptoms. The indication of a dose-response 
e f f e c t  in s e n s i t i z e d  in d iv id u a ls  [ 4 5 ,5 4 ,5 7 ]  s u g g e s ts  th a t  the number of already 
s e n s i t i z e d  individuals who develop an overt a s thm atic  reac tion  can also be reduced 
by lowering exposure levels.

Exposure to  diisocyanates may also cause chronic resp ira tory  e f fec ts  m easurable 
as  lo n g - te rm  d e c re m e n t  in pulmonary function, especially FEV 1, in excess of th a t  
ex p ec ted  from aging. It is not c lear from existing data  w hether this change occurs 
only  in s e n s i t i z e d  w o rk e rs  or w h e th e r  i t  m ay a lso  a f f e c t  workers who show no 
c l in ic a l  sy m p to m s  f ro m  d iisocyanate  exposure. The findings of Porter  e t  al [56] 
i n d i c a t e  t h a t  so m e  w o rk e rs  who a r e  s e n s i t iv e  to  TDI and  who h av e  a n t i -T D I  
a n t ib o d ie s  may e x h ib i t  n o rm a l  p u lm o n a ry  fu n c t io n ,  w h ile  o th e r s  w ith  c l in ic a l  
sy m p to m s  o f  s e n s i t i z a t i o n  b u t  n e g a t iv e  r e s u l t s  on im m u n o lo g ic  te s ts  may have 
s e v e re ly  im p a i re d  p u lm o n a ry  fu n c t io n .  In the study conducted by Wegman e t  al 
[ 9 0 ] ,  in  w h ic h  w o rk e rs  e x p o se d  a t  c o n c e n t r a t i o n s  a b o v e  20 U g /c u  m had  a 
s ig n if ican t ly  g rea te r  decrease in FEV 1 than those exposed a t  lower concentrations, 
th e  w o rk fo rc e  s tu d ie d  included both sensitized and unsensitized individuals. In the 
plant studied by Weill and colleagues [5 7 -5 9 ] ,  w here workers who showed symptoms 
of c l in ic a l  sensitization were not included in the study population, the  investigators 
found no s ig n i f i c a n t  e f f e c t s  on lung function re la ted  to  TDI exposures a t  average 
c o n c e n t r a t i o n s  of 14-50 u g /c u  m. These findings indicate th a t  the  TWA lim it of 5 
ppb (35 U g /cu  m) for TDI recom m ended by NIOSH in 1973 [ 3 7 ] ,  which was based 
on th e  f in d in g s  o f  E lk ins  e t  al [ 3 2 ] ,  provides adequate  p ro tec tion  against chronic 
e f fec ts  of TDI on pulmonary function of workers who are  not sensitized.

E n v iro n m e n ta l  d a t a  fo r  th e  o ther diisocyanates are  insufficient to  establish a 
s a f e  ex p o su re  l im i t .  The diisocyanates commonly used in industry a re  respiratory  
i r r i t a n t s  [ 2 ] .  In a  plant where a re a  samples showed MDI concen tra tions  of 10-150 
U g /cu  m and  b rea th in g  zone concentrations for 6 sprayers were 120-270 ug/cu m, 
34 of 35 w orkers  had eye, nose, or th ro a t  irr i ta tion , and nearly half had wheezing, 
s h o r tn e s s  o f  b r e a t h ,  and  c h e s t  tightness [ 9 6 ] .  In another plant, 3 of 29 workers 
ex p o sed  to  MDI a t  50 -110  ug/cu m had r e s p ira to ry  symptom s [ 6 1 ] .  Nine of 18 
w o rk e rs  e x p o sed  to  HDI a t  le s s  th a n  300 Ug/cu m and to  an HDI tr im er  a t  less 
th a n  3 ,800  ug/cu m had  i r r i ta t io n  of the upper resp ira tory  t r a c t ,  cough, or chest 
tightness [ 100 j .

L ik e  T D I,  o t h e r  d i i s o c y a n a t e s  a r e  l ik e ly  to  be  r e a c t i v e  w ith  b io lo g ic  
m a c ro m o le c u le s ,  such as proteins, and thus a re  po ten tia l sensitizers . Some authors 
[ 6 0 ,6 1 ]  have  r e p o r t e d  t h a t  MDI produces resp iratory  sensitiza tion , since a f fec ted  
w o rk e rs  g av e  p o s i t iv e  r e s u l t s  in immunologic te s ts .  The assumption of a  common 
m e c h a n ism  of a c t io n  suggests th a t  s tructura lly  similar diisocyanates might produce 
c ro s s -se n s i t iz a t io n ;  th e re  is one report [5 3 ]  of positive te s ts  for antibodies against 
MDI in w o rk e rs  s e n s i t i z e d  to  TDI, but the validity of these results  is questionable 
b e c a u se  o f  th e  la c k  of cha rac te r iza t io n  of the te s t  antigen used. A study of skin 
s e n s i t i z a t i o n  [ 6 9 ]  s u g g e s te d  t h a t  w o rk e rs  e x p o se d  to  TDI and MDI were cross­
s e n s i t i z e d  to  IPDI. In a n o th e r  s tu d y  [ 4 7 ] ,  some workers with previous exposure 
only  to  TDI had  bronchial reac tions to  MDI and HDI as well. These workers were
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s ig n i f i c a n t ly  m o re  h y p e r r e a c t i v e  to  h i s ta m in e  th a n  workers who reac ted  to  TDI 
on ly , su g g e s t in g  t h a t  c r o s s - r e a c t i v i t y  m ig h t  involve a  nonspecific pharmacologic 
mechanism.

The p r e d ic te d  r e a c t i v i t y  of the diisocyanates with biologic macrom olecules is 
th e  p ro b a b le  bas is  fo r  t h e i r  im m u n o lo g ic  e f fec ts  and perhaps for the  respiratory  
sy m p to m s  and  e f fec ts  on pulmonary function produced a t  low concentra tions. It is 
t h e r e f o r e  reasonable to  expec t th a t  o ther diisocyanates r e a c t  similarly to  TDI on a 
molar basis.

None of th e  s tu d ie s  c o m p le te d  s in ce  1973 p ro v id e s  a c le a r  indication th a t  
u nsen s ix ized  workers suffer adverse e f fec ts  from exposure to  TDI a t  concentrations 
be low  th e  l im i t s  t h a t  w e re  r e c o m m e n d e d  by NIOSH, 20 ppb (140 Ug/cu m) as a 
c e i l in g  c o n c e n t r a t i o n  and 5 ppb (35 Ug/cu m) as a  TWA concen tra tion  [ 3 7 ] .  The 
r e p o r t  of Wegman e t  al [9 0 ]  th a t  workers exposed to  TDI a t  concen tra tions  above 
25 u g / c u  m show ed  an excessive long-term  decrem ent in pulmonary function does 
n o t  p ro v id e  a d e q u a te  j u s t i f i c a t i o n  to  change these limits; i t  contains insufficient 
in fo rm a t io n  on individual changes in pulmonary function, the  e f f e c t  of sensitization 
on th e s e  m e a s u r e m e n t s ,  and  the  possible role of o ther chem icals. Another report 
[ 9 3 ]  of r e s p i r a to r y  e f f e c t s  in w o rk e rs  w hose a v e r a g e  ex p o su re  was reportedly 
below  35 u g / c u  m did not provide sufficient inform ation to  ind icate  w hether some 
of th e s e  w o rk ers  might have been sensitive to TDI, and, if so, w hether they might 
have  b e c o m e  s e n s i t i z e d  a t  c o n c e n t r a t i o n s  in excess  of the  recom m ended ceiling 
limit.

In th e  absence  of da ta  indicating th a t  any of the  diisocyanates is substantially  
le s s  to x ic  th a n  TDI, th e  e x p o s u re  concen tra tions  recom m ended in 1973 should be 
e x te n d e d  to all diisocyanates. It is recom mended th a t  exposure to  the  diisocyanates 
be c o n t ro l le d  so t h a t  no e m p lo y e e  is exposed  a t  concentra tions  in excess of the 
fo llow ing environm ental limits, equivalent, in the case of vola tile  diisocyanates th a t  
o c c u r  a s  v a p o r s ,  to  a TWA l im i t  of 5 ppb fo r  a 10-hour w o rk s h i f t ,  4 0 -hou r  
workweek, and a ceiling lim it of 20 ppb for a  10-minute sampling period:

TWA G e i1ing

Toluene diisocyanate (TDI) 35 Ug/cu m 140 Ug/cu m

Diphenylmethane diisocyanate (MDI) 50 Ug/cu m 200 Ug/cu m

H exam ethylene diisocyanate (HDI) 35 Ug/cu m 140 Ug/cu m

Napthalene diisocyanate (NDI) 40 Ug/cu m 170 Ug/cu m

Isophorone diisocyanate (IPDI) 45 Ug/cu m 180 Ug/cu m

Dicyclohexylmethane 4,4 '-diisocyanate 55 Ug/cu m 210 Ug/cu m
(hydrogenated MDI)
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If o th e r  d i iso c y an a te s  a re  used, employers should observe environm ental limits 
e q u iv a le n t  to a  ceiling concen tra tion  of 20 ppb and a  TWA concen tra tion  of 5 ppb.

(b) Sampling and Analysis

The m ethod  recom m ended for sampling and analysis of d iisocyanates is capable 
o f  d e t e c t i n g  TDI, MDI, and  HDI a t  concentrations as low as 2-5 Ug/cu m [ 1 2 3 ] .  
B eca u se  of th i s  s en s it iv i ty ,  the  recom m ended sampling tim e has been shortened to 
10 m in u te s ,  r a t h e r  th a n  th e  2 0 -m in u te  s am p lin g  period required for the  Marcali 
m e th o d  re c o m m e n d e d  in the 1973 TDI docum ent [ 3 7 ] ;  this pe rm its  more accu ra te  
determ inations of peak exposures.

T he r e c o m m e n d e d  method also perm its  separation  of d iffe ren t diisocyanates in 
th e  sa m e  sa m p le .  It has not been te s te d  with diisocyanates o the r  than TDI, MDI,
and HDI, b u t ,  w ith  a p p r o p r ia t e  m o d i f ic a t io n s  an d  s o lv e n t  systems, i t  should be
capable of de tec ting  these  compounds in the same range.

The r e c o m m e n d e d  m e th o d  fo r  s a m p l in g  a i rb o r n e  d i i s o c y a n a te s  c o n s is ts  of 
d ra w in g  a i r  a t  a r a t e  of 2 l i t e r s / m i n u t e  fo r  10 m in u te s  th ro u g h  tw o  s e r ia l ly  
c o n n e c te d  a l l - g la s s  m id g e t  impingers, each  containing 15 ml of absorbing solution. 
The use  of tw o  im p in g e rs  in s e r ie s  is n e c e s s a r y  u n t i l  a reproducib le  collection 
effic iency  is established for any given operation, since absorber collection effic iency  
is h igh ly  variable [44,111,116,125,137]. The diisocyanates re a c t  with the  absorbing 
s o lu t io n  to  fo rm  s p e c i f i c  u r e a  d e r iv a t iv e s  which are  then in jec ted  in to  the high­
sp e e d  l iqu id  c h r o m a to g r a p h  fo r  a n a ly s is .  The m e th o d  is d esc r ib ed  in detail in 
Appendix I.

(c) Medical Surveillance and Recordkeeping

R e s p i r a to r y  e f f e c t s  f ro m  e x p o su re  to  d i i s o c y a n a te s  hav e  in c lu d e d  chronic 
b ro n c h i t i s  [ 2 0 , 2 1 ] ,  a s th m a t i c  reactions [43 ,45] and decreased  pulmonary function
[ 8 1 , 8 7 ] .  To p r e v e n t  d e v e lo p m e n t  o f  s e r io u s  r e s p i r a t o r y  sy m p to m s,  a  medical
s u rv e i l la n c e  p ro g ra m  shou ld  p ro v id e  fo r  th e  t im e ly  d e t e c t io n  of adverse health 
e f fec ts  th a t  develop from exposure to  diisocyanates.

E m p lo y ees  w ith  a  h is to ry  of re sp ira to ry  illness, especially  as thm a, and those 
ex p o sed  to  o th e r  r e s p i r a t o r y  i r r i t a n t s ,  e g ,  sm okers, may be a t  increased  risk of 
d ev e lo p in g  a d v e r s e  h e a l th  e f fe c ts  from exposure to  diisocyanates, and they should 
be c o u n se le d  on this risk. All employees should be m onitored so th a t  w ork-re lated  
s y m p to m s  o r  loss  of p u lm o n a ry  fu n c t io n  c a n  be d e tec te d  early . Employees who 
d e v e l o p  s y m p t o m s  o f  T D I s e n s i t i z a t i o n  shou ld  be c o u n s e le d  on th e  r isk s  of 
continuing to  work with TDI.

E ach  e m p lo y e e  shou ld  r e c e iv e  a thorough preplacem ent medical exam ination, 
w hich in c lu d e s  a  h is to ry  o f  e x p o su re  to  d i i s o c y a n a te s ,  a  smoking history, and a 
h is to ry  of r e s p i r a t o r y  illnesses. Each employee should receive pulmonary function 
t e s t s ,  inc lud ing  FEV 1 and  FVC, and a  chest X-ray before beginning work in any
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p la n t  m a n u fa c tu r in g  o r  us ing  d i i s o c y a n a te s .  F o r  e m p lo y e e s  w ith  o ccupa tiona l 
e x p o s u r e  to  d i i s o c y a n a te s ,  p h y s ic a l  e x a m in a t io n s  shou ld  be  r e p e a t e d  a t  l e a s t  
a n n u a l ly .  B ecau se  of s e a s o n a l  and  d iu rn a l  varia tions in pulmonary function, the 
p e r io d ic  e x a m in a t io n  of an  indiv idual employee should be perform ed a t  about the 
sa m e  t im e  e a c h  y e a r  and a t  the same time of day, so th a t  changes in respiratory  
fu n c t io n  can be evaluated. C hes t X-rays a re  not required a t  periodic examinations, 
and shou ld  be r e p e a t e d  a t  th e  d i s c r e t io n  of the  examining physician. Records of 
m e d ic a l  exam inations should be kep t for a t  least 30 years a f te r  the employee's last 
exposure to  diisocyanates.

The p re v io u s  NIOSH c r i te r ia  document on TDI [3 7 ]  recom m ended a  leukocyte 
c o u n t  w ith  d i f f e r e n t i a l  a s  p a r t  o f  th e  p r e p la c e m e n t  m e d ic a l  e x a m in a t io n  and 
s u g g e s te d  p e r io d ic  e o s in o p h i l  counts. However, the re  is no evidence a t  this time 
t h a t  b lood  f in d in g s  a r e  a  significant indicator of adverse e f fe c ts  of TDI exposure. 
This c h a n g e  in the recom m endations for the  m edical exam ination is consistent with 
t h e  f a i l u r e  to  f ind  e o s in o p h i la  in T D I - s e n s i t iz e d  in d iv id u a ls  in r e c e n t  s tu d ie s  
[43 ,54 ,58].

(d) Personal P ro tec tive  Equipment and Clothing

W here e n g in e e r in g  controls are  used to  keep diisocyanate concentra tions  a t  or 
be low  th e  r e c o m m e n d e d  ex p o su re  limits, minimal p ro tec tive  clothing is needed to 
s a fe g u a rd  w o rk e rs .  U n d er  th e s e  c o n d i t io n s  w o rk e rs  shou ld  w e a r  coveralls  and 
ru b b e r  or po lyv iny l c h lo r id e  g lo v e s  [ 1 4 4 ] .  W here  l iq u id  d iisocyanates  may be 
present on floors, p ro tec tive  shoe coverings should be worn.

If th e  p o te n t i a l  e x i s t s  fo r  splashes or con tac t  with aerosols of diisocyanates, 
e m p lo y e e s  shou ld  be  p ro v id e d  w ith  f a c e  sh ie ld s  (20 -cm  minimum) with goggles, 
ru b b e r  or po lyv iny l c h lo r id e  g lo v e s  and  a p ro n s ,  ru b b e r  b o o ts ,  and  a p p ro p r ia te  
r e s p i r a to r y  e q u ip m e n t  a s  d e s c r ib e d  in Table 1-1. Because diisocyanates have poor 
w arn in g  p ro p e r t ie s  [3 6 ,3 9 ] ,  the use of chem ical cartr idge  resp irators  or gas masks 
is no t  recommended. At p resen t,  air-purifying resp ira tors  with an end-of-serv ice-life  
in d ic a to r  a r e  no t  available for the diisocyanates. D em and-type (negative pressure) 
supplied-air  resp ira tors  a re  not recom mended because of the possibility of facepiece 
leak ag e .  Workers within 10 f e e t  of a  unit spraying m a teria l  containing diisocyanates 
shou ld  w ea r  fu l l -b o d y  p r o t e c t i v e  c lo th in g  and  ap p ro p r ia te  resp iratory  p ro tective 
devices [60 ,1 4 7 ] .

All p ro tec tive  clothing th a t  becom es con tam ina ted  with diisocyanates should be 
r e p la c e d  o r  tho rough ly  decon tam inated  in a solution of 8% am m onia and 2% liquid 
d e t e r g e n t  in w a te r  and  c l e a n e d  b e f o r e  re u s e .  L o c k e rs  shou ld  be provided for 
w o rk e rs  so t h a t  w ork  an d  s t r e e t  clothes can be s tored  separa te ly .  The employer 
should  a r r a n g e  fo r  la u n d e r in g  of all work clothes and ensure th a t  laundry workers 
a re  aw are of the hazards of exposure and appropria te  safe ty  precations.
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(e) Informing Employees of Hazards

A t th e  beg in n in g  o f  e m p lo y m e n t ,  a l l  e m p lo y e e s  shou ld  be  inform ed of the 
h a z a rd s  from exposure to diisocyanates. Brochures and pam phlets may be e ffec tive  
aids  in informing employees of hazards. In addition, signs warning of the  danger of 
e x p o su re  to diisocyanates should be posted in any a rea  where occupational exposure 
to  th e  diisocyanates is likely. Access to areas  of po ten tia l high exposure should be 
r e s t r i c t e d  to  e m p lo y e e s  e q u ip p e d  with appropria te  p ro tec tive  gear. A continuing 
e d u c a t io n  program , which includes training in the use of p ro tec tive  equipment such 
as respirators  and inform ation about the  value of the periodic medical exam inations, 
shou ld  be available to the employees. Employees exposed to  diisocyanates should be 
in fo rm e d  t h a t  symptoms of exposure, such as nocturnal dyspnea, may occur several 
hours  a f t e r  th e  end  of the workshift. Because of the possibility of sensitization  to 
th e  d i i s o c y a n a te s ,  e m p lo y e e s  shou ld  be w a rn e d  t h a t  th e  im p ro p e r  home use of 
p o ly u re th a n e  p ro d u c ts ,  such as foam kits  and varnishes, th a t  contain  diisocyanates 
may in c re a s e  t h e i r  r isk  of d ev e lo p in g  w o r k - r e la t e d  h e a l th  problems. Employees 
should  be i n s t r u c t e d  in t h e i r  own resp o n s ib il i ty  for following work prac tices  and 
s a n i t a t i o n  p ro c e d u re s  to  he lp  p r o t e c t  th e  h e a l th  and  p ro v id e  for the  sa fe ty  of 
themselves and their fellow employees.

(f) Engineering Controls and Work P rac tices

T h e re  is e v id e n c e  t h a t  workers can become sensitized to  diisocyanates during 
b r ie f  e x p o su re s  a t  high concentra tions  [4 2 ,9 3 ] .  E ffec tive  engineering controls and 
g o o d  w ork p r a c t i c e s  m u s t  be  e m p h a s iz e d  to  m in im iz e  th e  p o s s ib i l i ty  of such  
exposures.

E n g in e e r in g  c o n t ro l s ,  su ch  a s  p ro c e s s  enclosure  or local exhaust ventilation, 
s h o u ld  be  u s e d  w h e r e  n e e d e d  t o  m a in ta in  e n v i ro n m e n ta l  c o n c e n t r a t i o n s  o f  
d i i s o c y a n a te s  a t  o r  be low  th e  r e c o m m e n d e d  l im i t s .  T h ese  s y s te m s  shou ld  be 
d es ig n ed  to  p r e v e n t  th e  a c c u m u la t io n  or r e c i r c u l a t i o n  of d i i s o c y a n a te s  in the 
w o rk p la c e  e n v i ro n m e n t  and  to  e f f e c t iv e ly  remove diisocyanate vapors or aerosols 
from  th e  b r e a th in g  z o n e  of th e  e m p lo y e e s .  The v e n t i l a t i o n  systems should be 
p e r io d ic a l ly  c h e c k e d ,  in c lu d in g  a i r f lo w  m easurem ents, to  ensure th a t  the systems 
a re  w ork ing  p ro p e r ly .  Exhaust ventilation systems discharging to  outside air must 
co n fo rm  to  a p p l ic a b le  lo c a l ,  s ta te ,  and F ederal a ir pollution regulations and must 
not cons ti tu te  a hazard to  employees or to  the general public.

D i i s o c y a n a te s  should  be p r o t e c t e d  fro m  e x t r e m e  h e a t  or d i r e c t  su n l ig h t .  
B ecau se  of th e  r e a c t i v i t y  of diisocyanates with w ater ,  cau tion  should be taken  to 
p re v e n t  moisture from entering containers. D iisocyanates should not be s tored  near 
ac id s ,  bases, alcohols, or amines. Containers of diisocyanates should be periodically 
in s p e c te d  to  a s s u re  t h a t  th e y  a r e  t i g h t ly  s e a le d  and  t h a t  th e  in te g r i ty  of the 
c o n ta in e r s  is m a in ta in e d .  Leaking containers should be removed to the outdoors or 
to  an  i s o la te d ,  w e l l - v e n t i l a t e d  a r e a  b e fo re  the contents  are  tran sfe rred  to other 
suitable containers [1 4 4 ] .
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The f la s h p o in ts  o f  m o s t  d i i s o c y a n a te s  a r e  high, and the  compounds will not 
burn under normal c ircum stances, although they will burn if hea ted  sufficiently . The 
c o m b u s t io n  of d i i s o c y a n a te s  p ro d u c e s  h igh c o n c e n t r a t i o n s  o f  to x ic  fum es, and 
a p p r o p r ia te  p r o t e c t i v e  e q u ip m e n t  shou ld  be w orn by f i r e f i g h te r s .  For fighting 
d i i s o c y a n a t e - s u p p o r t e d  f i r e s ,  dry  c h e m ic a l  p o w d er ,  c a rb o n  d io x id e ,  or foam  
e x t in g u is h in g  m e d ia  should be used. W ater should only be used if large quantities 
a re  a v a i la b le  [ 1 4 4 ] .  O nly  e s s e n t i a l  p e rso n n e l  shou ld  be pe rm itted  in the  area  
du ring  th e  a c tu a l  f i r e f i g h t in g ,  and  u n p r o t e c t e d  workers should not be perm itted  
b a c k  in to  th e  a r e a  u n t i l  i t  has  b een  th o ro u g h ly  in s p e c t e d  and  any  s u s p e c te d  
diisocyanate residues have been decontam inated.

G ood  h o u s ek eep in g  in th e  w o rk p la c e  is o f  p r im e  im p o r ta n c e  in re d u c in g  
e x p o su re  to  d i i s o c y a n a te s .  A d e q u a te  f a c i l i t i e s  fo r  h a n d l in g  spills and leaks of 
d i i s o c y a n a te s  should  be p ro v id e d ,  and  w o rk e rs  should  be  th o ro u g h ly  tra ined  in 
c lean u p  p ro c e d u re s .  Spills should be promptly cleaned up, and all equipm ent used 
in th e  ex p o su re  areas, such as buckets, weighing containers , and funnels, should be 
d e c o n ta m in a te d  and  c le a n e d  im m e d ia te ly  a f t e r  use. To reduce the possibility of 
l e a k s ,  p l a s t i c  o r  r u b b e r  h o s e s ,  w h ic h  b e c o m e  b r i t t l e  f r o m  c o n t a c t  w ith  
diisocyanates, should be checked and replaced regularly.

S to r in g ,  h an d lin g ,  dispensing, and consuming food should be prohibited in work 
a r e a s ,  r e g a r d l e s s  o f  th e  c o n c e n t r a t i o n s  of d i i s o c y a n a te s .  In a d d i t io n ,  i t  is 
r e c o m m e n d e d  t h a t  em p lo y ees  who work in areas th a t  use diisocyanates wash their 
hands th o ro u g h ly  b e fo re  e a t in g  or using  to i le t  fac ilit ies . Smoking should not be 
p e rm i t te d  in areas where diisocyanates are  s tored  or used because of the  possibility 
th a t  smoking m ateria ls  may become contam inated  with diisocyanates.

(g) Monitoring and Recordkeeping Requirem ents

In a d d i t io n  to  a  program  of regular personal monitoring of air concentrations, 
co n t in u o u s  a r e a  m o n i to r in g  is strongly recom m ended where a liphatic  diisocyanates 
such  as TDI and  MDI a r e  p r e s e n t .  This w ill  p e r m i t  eng ineering  controls to  be 
m o d if ie d  or im p ro v ed  to  keep the  concentrations of diisocyanates a t  or below the 
re c o m m e n d e d  l im i t s .  M o n ito r in g  shou ld  a lso  be p e rfo rm e d  whenever the re  is a 
c h a n g e  in th e  p ro c e s s  or m a te r i a l s  used  t h a t  c o u ld  in c r e a s e  th e  e x p o su re  of 
employees.

E m ployers  should  m o n i to r  exposure of employees to  diisocyanates by taking a 
s u f f i c i e n t  n um ber  of b re a th in g -z o n e  samples to adequately ch a ra c te r ize  exposures 
fo r  e v e ry  o p e ra t io n .  In determ ining the  sampling s tra teg y  for a particu lar worker, 
th e  p ro c e s s  and  th e  job description of the worker should be considered, and those 
p ro c e s s  c y c le s  in w h ich  p o te n t i a l  e x p o su re  is g r e a t e s t  shou ld  be  g iv e n  p r im e  
consideration.

R e c o rd s  should be kept for all sampling operations and should include the type 
of p e rso n a l  p r o t e c t i v e  d e v ic e s  in u se ,  if any ,  and  th e  s a m p l in g  and  analy tical 
m e th o d s  used . Em ployees or their designated represen ta tives  should have access  to
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records  of the ir  own environm ental exposures. These records should be kept a t  leas t  
30 years a f te r  the employee's la s t  exposure to  diisocyanates.
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VII. RESEARCH NEEDS

In fo rm a t io n  n e e d e d  to  d e v e lo p  a  s ta n d a rd  fo r  occupa tiona l exposure to  the 
d i i so c y a n a te s  is incomplete in many respects. It has been necessary to  recommend 
a s ta n d a rd  fo r  th e  d i i s o c y a n a te s  b a sed  on s im i l a r i t i e s  to  TDI and  MDI, s ince  
a d e q u a te  in fo rm a t io n  is no t  a v a i la b le  on other diisocyanates to  dem onstra te  tha t 
they differ appreciably in their toxicity .

D e ta i l e d  e p id e m io lo g ic  s tu d ie s  are  needed to de term ine  the long-term  health 
e f fec ts  of occupational exposure to  diisocyanates and safe levels for such exposures. 
T h ese  s tu d ie s  should  r e l a t e  r e s p i r a t o r y  s y m p to m s ,  pulmonary function data , and 
o th e r  h e a l th  e f f e c t s  to  a c t u a l  in d iv id u a l  exposures  and should include long-term 
followup of persons leaving th e  workforce for health reasons.

S t u d i e s  a r e  r e q u i r e d  to  a s c e r t a i n  w h e th e r  a l l  of th e  d i i s o c y a n a te s  a re  
s e n s i t i z in g  a g e n t s  and  w h e th e r  th e y  c a n  p ro d u c e  c ro ss -sens i t iza ton .  Karol e t  al 
[6 2 ,1 1 0 ]  hav e  d e v e lo p e d  a  t e s t  a n t ig e n  by conjugating p-tolyl isocyanate with a 
p ro te in  c a r r i e r  t h a t  h as  m ade i t  possible to  dem onstra te  the ex istence of hapten- 
s p e c if ic  antibodies in workers exposed to TDI. Similar antigens would be useful for 
in v e s t ig a t in g  th e  s e n s i t i z in g  p r o p e r t i e s  o f  o th e r  d i i s o c y a n a te s ,  both in exposed 
workers and in animal studies.

P a r t i c u l a r l y  n e e d e d  a r e  d o s e - r e s p o n s e  s tu d ie s  of s e n s i t i z a t i o n  to  th e  
d i i s o c y a n a t e s  t o  d e t e r m in e  w h e th e r  s e n s i t i z a t i o n  c a n  r e s u l t  f ro m  lo n g - te rm  
e x p o su re s  a t  low c o n c e n t r a t i o n s  and  to  in v e s t ig a te  the relationship of length of 
e x p o su re  to  th e  development of sensitization. These relationships could be studied 
in g u in e a  pigs e x p o sed  to  TDI, using the  p-tolyl isocyanate antigen [110] to  te s t  
fo r  th e  in d u c t io n  of to ly l-spec if ic  antibodies. Sera from these animals should not 
be pooled, so th a t  the standard deviation can be determ ined. Changes in respiratory  
re sp o n se  in exposed animals should also be evaluated  to determ ine their correlation 
w ith  th e  a p p e a r a n c e  of IgE or IgG antibodies. As a  corollary experim ent, animals 
should  be exposed a t the same to ta l  dose adm inistered over varying tim e periods to 
s im u la te  th e  e f f e c t s  o f  excursions while retaining the  same 8-hour TWA exposure; 
eg , g roups  of a n im a ls  m ig h t  be e x p o sed  a t  5 ppb fo r  8 h o u rs ,  160 ppb for 15 
minutes, and 2,400 ppb for 1 minute.

To im p ro v e  p r o t e c t io n  of e x p o sed  w o rk e rs ,  i t  is p a r t i c u l a r ly  d e s i r a b le  to  
d e t e r m in e  w h e th e r  th e re  are  intrinsic, pred ic tab le  d ifferences be tw een  sensitizable 
and nonsensitizab le  individuals. The studies of Butcher e t al [6 3 ,6 5 ] ,  showing th a t  
p e rso n s  s e n s i t i z e d  to  TDI te n d  to be hyperreac tive  to bronchoconstric tors such as 
m e ch o ly l ,  a p p e a r  to  o f f e r  p ro m ise  in th is  r e g a rd .  It is necessary to  determ ine 
w h e th e r  th is  h y p e r r e a c t i v i t y  is a  r e s u l t  o f  exposure or a preexisting fac to r  tha t 
may in d ic a te  a p r e d is p o s i t io n  to  becom e sensitized to  diisocyanates. Methods of 
id e n t i f y in g  sensitized individuals before overt chronic symptom s develop should also 
be e x p lo re d .  The v a lu e  of m e a s u re m e n ts  of eosinophilia and cyclic AMP and of
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p u lm o n a ry  fu n c t io n  s tu d ie s  and  im m unologic  testing  as diagnostic tools should be 
c a r e fu l ly  e v a lu a te d ,  s in c e  e x is t in g  r e p o r t s  o f  th e ir  usefulness a re  contradictory . 
The p - to ly l  i s o c y a n a te  t e s t  a n t ig e n  d e v e lo p e d  by Karol and her colleagues [6 2 ]  
a p p e a r s  to  be a p a r t i c u l a r ly  u se fu l  d ia g n o s t ic  to o l  fo r  TDI s e n s i t i z a t i o n ,  and 
a n a lo g o u s  a n t ig e n s  should  be  d e v e lo p e d  fo r  in v e s t ig a t in g  se n s i t iz a t io n  to  o ther 
diisocyanates.

B eca u se  th e  d i i s o c y a n a te s  may be highly reac tive  biologically, i t  is im portant 
t h a t  th e i r  p o t e n t i a l  to  c a u s e  ca rc inogen ic  and m utagenic e f fec ts  be investigated. 
M u ta g e n ic i ty  s c re e n in g  in m ic ro b ia l  t e s t s  shou ld  be c a r r i e d  o u t ,  using a t e s t  
p ro to c o l  th a t  will decrease  the likelihood of hydrolysis to possibly m utagenic amine 
in t e r m e d i a t e s .  D i i s o c y a n a te s ,  e s p e c ia l ly  those  th a t  are  positive in m utagenic ity  
t e s t s ,  shou ld  a lso  be t e s t e d  fo r  carc inogenic ity  in animal experim ents. Studies of 
a b s o rp t io n ,  d is tribu tion , metabolism, and excre tion  of diisocyanates a re  also needed 
to  elucidate  the  mechanism of the ir  action.

The c o n s e q u e n c e s  o f  e x p o s u re  to  the aerosols produced in many diisocyanate 
a p p l ic a t io n s ,  su ch  as  s p ra y in g ,  shou ld  a lso  be investigated . It has been assumed 
t h a t  r e a c t i v e  diisocyanates in aerosol form produce the same biologic consequences 
a s  d i i s o c y a n a te  v ap o rs  a t  e q u iv a le n t  c o n c e n t r a t i o n s .  This assumption should be 
e x p e r im e n ta l ly  v e r i f i e d .  S im i la r i ly ,  m o s t  a p p l ic a t io n s  o f  d iisocyana te s  involve 
s im u l ta n e o u s  e x p o s u re  to  o th e r  to x ic  c h e m ic a l s ,  and  in a d e q u a te  inform ation is 
a v a i la b le  on th e  ro le  of th e s e  c h e m ic a ls  in producing observed health e f fec ts  in 
diisocyanate workers and their possible additive or synergistic  nature .

R e l ia b le ,  s e n s i t iv e  co n tin u o u s  monitoring methods should be developed for all 
th e  d i iso c y an a te s .  The paper-tape  method developed by Reilly [136] is a  valuable 
m e th o d  fo r  c o n t in u o u s  m o n ito r ing  of the a rom atic  diisocyanates, particu larly  TDI. 
C o m p a ra b le  m e th o d s  a r e  n e e d e d  fo r  o th e r  diisocyanates to p ro tec t  workers from 
d an g e ro u s  e x c u rs io n s  and  to  p ro v id e  b e t te r  inform ation rela ting health  e f fe c ts  to 
ac tua l exposures.
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IX. APPENDIX I

SAMPLING AND ANALYTICAL METHOD FOR DIISOCYANATES IN AIR

The fo llow ing  m e th o d  fo r  s a m p l in g  and analysis of airborne diisocyanates is 
a d a p te d  f ro m  NIOSH M ethod  No. MR 240 ( C la s s i f i c a t io n  E) [ 1 2 3 ] .  A Class E 
m e th o d  is d e f in e d  by NIOSH as "Proposed: A new, unproven, or suggested method
no t p rev io u s ly  used by industrial hygiene analysts but which gives promise of being 
suitable for the determ ination  of a given substance."

Principle of the Method

A known v o lu m e  o f  air is drawn a t  a f low rate  of 2 l i te rs /m inu te  through two 
m id g e t  gas  im p in g e rs ,  c o n n e c te d  in s e r i e s ,  containing the  nitro  reagent absorber 
solution. The recom mended airflow is 2 l i te rs /m inu te ,  ra th e r  than  1 l i te r /m in u te  as 
i n d i c a t e d  in  M e th o d  N o . MR 240 [ 2 0 ] ,  to  e n s u re  c o l l e c t io n  of p a r t i c u l a t e  
diisocyanates. At the tim e of analysis, the two impinger solutions a re  initia lly  kept 
s e p a r a t e  to  a l low  d e t e r m in a t io n  o f  co l lec t ion  effic iency. The impinger solutions 
( s e p a r a t e  or c o m b in ed )  a re  carefully  ro tary  evapora ted  to dryness. The residue is 
th e n  d is so lv ed  in 1.0 ml of m e th y le n e  c h lo r id e ,  CH2C12, containing an in ternal 
s ta n d a rd .  An a l iq u o t of the  solution is in jected  into a liquid chrom atograph. The 
a r e a  o f  th e  r e s u l t in g  peak  is d e t e r m in e d  and  c o m p a re d  to  a r e a s  o b ta in e d  by 
injecting standard urea  solutions of known concentration .

Range and Sensitivity

The upper  l im i t  of th e  ran g e  of the method depends on the concen tra tion  of 
th e  n it ro  reagent in the midget gas impingers. For a 10-liter air sample, the lim it 
o f  d i i s o c y a n a te s  th a t  can be absorbed is 0.0015 m illimole/cu m using 15 ml of 0.2 
mM nitro  reagent solution.

T h e  m in im u m  d e t e c t a b l e  l im i t  is 2 n g / in je c t io n  fo r  TDI and  MDI and  5 
n g / in je c t io n  fo r  HDI. The advisable injection volume is 50 p i. Hence, for a 20- 
l i t e r  s a m p le ,  th e  u s e fu l  ra n g e  is 2 -300  p g / c u  m o f  t o t a l  d i i s o c y a n a te s .  If a 
p a r t i c u la r  a tm o s p h e r e  is s u s p e c te d  of containing a  large amount of isocyanate , a 
smaller sampling volume should be taken.

In terferences

Any com pound  th a t  reac ts  with nitro  reagent and has the  same re ten tion  time 
as  th e  a n a ly te  is an  i n t e r e f e r e n c e .  R e t e n t i o n  t im e  alone cannot be considered 
p r o o f  o f  c h e m i c a l  i d e n t i t y .  W hen  t h e  p o s s i b i l i t y  of i n t e r f e r e n c e  e x i s t s ,
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c h ro m a to g ra p h ic  conditions (eg, modes of gradien t, concen tra tion  of mobile phases, 
packings) have to  be changed to circum vent the problem.

Precision and Accuracy

P re c is io n  and  a c c u ra c y  for the to ta l  analy tical and sampling method have not 
b e e n  d e te rm in e d .  However, the analytical method has been shown tc  have re la tive 
s ta n d a r d  deviations within experim ental e rro r  for peak areas  and re ten tion  tim es of 
2 .8 -1 6 .5 %  and 0 .6 -4 .1 % , r e s p e c t iv e l y ,  d ep en d in g  on th e  c o n c e n t r a t i o n  of th e  
analytes.

Advantages and Disadvantages of the Method

T h e  s a m p l in g  d e v ic e  is p o r ta b l e .  The a n a ly t i c a l  m e th o d  is s p e c i f i c  fo r  
i s o c y a n a t e s ,  a n d  i n t e r f e r e n c e s  a r e  m in im a l .  S im u l ta n e o u s  a n a ly s is  of f ive  
substances can be carried  out routinely.

T h e  n i t r o  r e a g e n t  m u s t  be p r e p a r e d  a t  r a t h e r  f r e q u e n t  i n t e r v a l s .  It is 
recom m ended th a t  it not be s tored  for more than 3 weeks, and it  should be kept in 
d a rk n e s s .  Comm ercially  available nitro reagent may prove more stable. The ureas 
f o r m e d  in  s o l u t i o n  a r e  g e n e r a l l y  s t a b l e  up to  7 d a y s .  D e g r a d a t i o n  o r  
p o l y m e r i z a t i o n  m ay o c c u r  a f t e r  th i s  p e r io d .  E x c e ss  n i t r o  r e a g e n t  shou ld  be 
re m o v e d  w ith  p - to ly l  i s o c y a n a te  or by som e o th e r  means before  the solution is 
in je c te d  into the liquid chrom atograph to  maintain longer column life and precision.

Apparatus

(a) An a p p ro v e d  and  ca l ib ra ted  personal sampling pump whose flow rate  can 
be determ ined within ±5% a t  the recom mended flow rate .

(b) Two m id g e t  gas impingers connected  in series, each containing 15 ml of 
0.2 mM nitro  reagent solution.

(c) A liq u id  c h ro m a to g ra p h  capable of gradient elution and equipped with a 
UV de tec to r ,  254 nm.

(d) A c o m m e rc ia l ly  a v a i la b le  25 cm  P a r t i s i l  10, 4 .4 -m m  inner d iam eter, 
s t a in le s s  s t e e l  co lum n . O th e r  co lum n  p ack in g  m a te r i a l  m ay p ro v e  to  be  less 
s u b je c t  to  th e  a d v e rse  e f f e c t s  of e x c e s s  nitro reagent and provide equivalent or 
b e t te r  urea separation.

(e) A recorder or computing in teg ra to r  for measuring peak areas.

(f) Sample containers , 20-ml, with Teflon-lined caps.

118



(g) Microliter syringes: 10-y 1, 50 -y 1, and o ther convenient sizes.

(h) P ip e ts :  1 .0 -m l g r a d u a t e d  in 0 .0 1 -m l in c r e m e n t s ,  15 .0 -m l,  and o ther
convenient sizes for making s tandard  solutions.

(i) Volumetric flasks: convenient sizes for making s tandard  solutions.

Reagents

(a) Isopropanol, c e r t if ied  grade or reagent grade.

(b) Methylene chloride, pestic ide grade (ce r t if ied  by ACS).

(c) Toluene, chrom atographic grade.

(d) 2,4-Toluene diisocyanate , 98% pure.

(e) 2 ,6 -T o lu en e  diisocyanate (not available in pure form com mercially; found
as mixture with 2 ,4-TDI).

(f) 4,4 -M ethy lene  bisphenyl isocyanate, >98% pure.

(g) 1,6-Hexane diisocyanate , 99% pure.

(h) p-Tolylisocyanate as excess nitro  reagent scrubber.

(i) h -4  nitrobenzyl-N-n-propylam ine-HCl (nitro reagent).

P r e p a r a t io n  of N i t ro  R e a g e n t  So lu tion : A typical procedure for the  routine
p r e p a r a t i o n  of th e  n i t r o  r e a g e n t  s o lu t io n  is a s  fo l lo w s .  A b o u t 120 mg (0.52 
m ill im o le )  of the  com m ercially  available hydrochloride of n itro  reagen t is dissolved 
in  25 m l o f  d i s t i l l e d  w a te r .  T h i r t e e n  m i l l i l i t e r s  o f  1 N NaOH is a d d ed  to  
p r e c i p i t a t e  th e  f r e e  a m in e .  The f r e e  amine is e x t ra c te d  with 50 ml of toluene. 
The to lu e n e  la y e r  is dried  over anhydrous C aS04  (D rierite , WA Hammond D rierite  
Co, Xenia, Ohio), and the  resulting solution is diluted to  250 ml to  p repare  a  2 mM 
s o lu t io n  and is s to r e d  in th e  r e f r i g e r a t o r .  The nitro  reagent solution is fu rther  
d i lu te d  10-fo ld  w ith  to u le n e  b e fo re  i t  is added to the impinger collecting tubes. 
P repared  nitro  reagent should be examined periodically by HPLC for the  appearance 
of additional peaks th a t  indicate reagen t degradation.

Procedure

U n ti l  th e  c o l l e c t io n  effic iency of the impingers is determ ined  adequately , the  
tw o  im p in g e r  s o lu t io n s  for each sample must be prepared and analyzed separate ly . 
O nce  th is  in f o r m a t io n  is a c c u m u la t e d  and  a  c o n s i s t e n t  c o l l e c t io n  effic iency  is
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found, one impinger may be used and the co llection-effic iency  fa c to r  applied.

All glassware used should be washed with de te rgen t and thoroughly washed with 
tapw ater  and distilled w ater .

(a) Collection and Shipping of Samples

The s a m p le  solution for each impinger should be tran sfe rred  to  a separa te  20- 
ml g la ss  tu b e  w ith  a T e f lo n  c a p .  U se 1 m l o f  to lu e n e  to  wash each  impinger. 
R e p e a t  tw ic e .  Combine with the appropria te  sample solution. Keep cap tigh t and 
w r a p  w i t h  p a p e r  t a p e s .  S h ip  o u t  t o  p l a c e  o f  a n a ly s i s  im m e d ia te ly .  All 
r e q u i r e m e n t s  fo r  sh ipp ing  to lu e n e ,  as  s t a t e d  in C F R  49, P a r t  172.101, m ust be 
adhered to.

(b) R eaction  to N itro R eagen t and Isocyanate

S am ples  con ta in ing  any aliphatic  diisocyanates, such as HDI, should be allowed 
to  re a c t  for a t  least 1 hour with the nitro  reagent before analysis is s ta r ted .

(c) Preparation  of Samples

E ach  sa m p le  solution is tran sfe r red  to  a round-bottom flask. The sample tube 
is w ash ed  tw ic e  w ith  1 ml to lu e n e  and  c o m b in e d  w ith  the  sample. The round- 
b o t to m  f la sk  is a t t a c h e d  to  a r o ta r y  evapora tor and the  sample is evapora ted  to 
d r y n e s s  a t  50 C . I t  is th e n  d r ie d  o v er  d ry  N2 fo r  2 m in u te s  b e f o r e  be ing  
re d is so lv e d  in to  1.0 m l of CH2C12 containing an interned standard. An aliquot is 
subm itted  to  liquid chrom atographic analysis.

(d) Liquid Chrom atograph Conditions

Typical operating conditions for the chrom atograph are:

(1) F lowrate: 2.0 m l/m inute.

(2) G ra d ie n t  e lu t io n :  10% B/A  to  100% B in 10 m inutes (B = 9.1%
isopropanol/CH2C12; A = 100% CH2C12).

(3) D etec to r:  uv a t  254 nm.

(4) Tem perature : ordinary room.

(5) Recorder ch a r t  speed: 0.5 inch/m inute .

(6) Injection port: loop included.
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(e) Injection

The sy r in g e  m u s t  be c l e a n e d  and  d r ie d  tho rough ly  betw een injections. The 
s y r in g e  is th e n  ready to  take  up sample for injection. A known amount of sample 
is in j e c te d  in to  th e  liquid  chromatograph. Size of injections may vary from 1 y. 1 
up to  50 y l.

(f) M easurement of Peak Area

The peak  a re a  is m easured by peak height tim es peak width a t  half the  height 
or by an e l e c t r o n i c  in teg ra to r  such as a  computing in teg ra to r .  Preliminary results  
a re  read from a  s tandard curve prepared as discussed below.

Calibration and Standards

(a) A se r ies  of s tandards varying in concentra tion  over the  range of in te res t
a re  p rep a red .  C alibration curves are  established prior to sample analysis each  day. 
When an in t e r n a l  standard is used, the  analyte concen tra tion  is p lo t ted  against the
a rea  ratio  of the analyte to th a t  of the in ternal standard.

(b) Typical Preparation  of Stock Standard Solutions.

(1) The fo llo w in g  w e ig h ts  o f  th e  i s o c y a n a te s  a re  dissolved in 4.0-ml 
p o r t io n s  o f  CH2C12: 2.12 mg MDI; 29.60 mg of TD1 (ie, 19.30 mg of 2,4-TDI and
10.30 mg of 2,6-TDI), 21.14 mg of HDI.

(2) Then 755 y l  of MDI, 83.1 y l  o f  TDI, and  75.5  y l  o f  HDI are
m ixed  and 1.017 ml CH2C12 is added to  make a  to ta l  of 2.00 ml (200 ng /l i te r  of
eac h ) .  Then 1.0 ml n itro  reagent (2.06 mg/ml in hexane) is added to 1.0 ml of the 
i s o c y a n a te  m ix tu r e .  The to ta l  isocyanate /n itro  reagent mole ratio  in this solution
is 1:1. The r e a c t i o n  m ix tu r e  is s to r e d  overnight. Dilutions a re  made from this
s o l u t i o n .  T h e  s o lv e n t  is e v a p o r a t e d  in a r o t a r y  e v a p o r a to r  and  th e  r e s id u e  
re d is so lv e d  in 1 ml CH2C12. These solutions a re  used to  establish the  calibration 
cu rv es ,  linear dynamic range, and minimum de tec tab le  amount in the  25-cm Partisil 
10 column.

Calculations

R ead  the  weight corresponding to  each peak a rea  from the  s tandard  calibration 
curve.

The c o n c e n t r a t i o n  of th e  a n a ly te  in th e  a i r  sampled can be 
expressed in y g /c u  m:
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p g /c u  m = Amount o i  a n a l y te  (pg) x 1,000 ( p i )  x 1,000 ( l i t e r s / c u m )  
Air volume sampled (liters) x volume of injection (p i)

If m o re  th a n  one diisocyanate is present in the sample, the  concentrations of each 
c o m p o u n d  e x p r e s s e d  in  p g / c u  m c a n  b e  a d d e d  t o g e t h e r  to  g e t  th e  t o t a l  
concentra tion  of diisocyanates.

Another method of expressing vapor concentra tion  is ppb (correc ted  to  standard 
conditions of 25 C and 760 mmHg):

ppb = pg x 24 .45  x 760 x T + 273 
cu m MW P 298

where:

P = pressure (mmHg) of air  sampled 
T = tem pera tu re  (C) of air sampled 

24 .45  = molar volume (liter/m ol)
MW = molecular weight
760 = standard pressure (mmHg)
298 = standard tem p era tu re  (K)

H ow ever ,  i t  m u s t  be n o te d  t h a t  c o n c e n t r a t i o n s  e x p re s s e d  in ppb must be 
c o n v e r t e d  to  p g /cu  m b e f o r e  b e in g  a d d e d  t o g e th e r  to  o b ta in  th e  co m b in ed  
concentra tion  of mixed diisocyanates.

122



X. APPENDIX II

MATERIAL SAFETY DATA SHEET

The following item s of inform ation th a t  are  applicable to  a specific  product or
m a te r i a l  sh a l l  be p ro v id e d  in th e  a p p r o p r ia t e  block of the M aterial Safety D ata
Sheet (MSDS).

The product designation is inserted  in the block in the upper le f t  corner of the 
f i r s t  p ag e  to fac i l i ta te  filing and re tr ieval.  Print in upper case le t te rs  as large as 
possib le .  It should be prin ted to  read upright with the  sheet turned  sideways. The 
p ro d u c t  designation is th a t  name or code designation which appears on the label, or 
by w hich  th e  p r o d u c t  is so ld  or known by e m p lo y e e s .  The r e l a t i v e  numerical 
h a z a rd  ra t in g s  and key s ta te m e n ts  are  those determ ined by the  rules in C hap ter  V, 
P a r t  B, of th e  NIOSH p u b l i c a t io n ,  An I d e n t i f i c a t io n  S y s tem  for Occupationally 
H azardous M aterials . The company identif ication may be prin ted in the  upper right 
corner if desired.

(a) Section I. Production Identifica tion

The m a n u f a c tu r e r ' s  n a m e ,  a d d re s s ,  and  r e g u la r  and  e m e rg e n c y  te le p h o n e  
n u m b e rs  ( in c lu d in g  a r e a  code)  a re  inserted  in the appropria te  blocks of Section I. 
The co m p an y  l i s t e d  shou ld  be  a s o u rc e  of d e t a i l e d  b a c k u p  in f o r m a t io n  on the 
h a z a rd s  o f  th e  m a te r ia l ( s )  c o v e re d  by th e  MSDS. The l i s t in g  o f  s u p p l ie r s  or 
w h o le sa le  d i s t r i b u to r s  is d is c o u ra g e d .  The t r a d e  n am e  shou ld  be th e  p roduc t 
designation or common name associated  with the m ateria l .  The synonyms a re  those 
co m m o n ly  u sed  fo r  th e  p r o d u c t ,  especially  form al chem ical nom enclature. Every 
known chem ical designation or com petitor 's  trade  name need not be listed.

(b) Section II. Hazardous Ingredients

The " m a te r i a l s "  l i s te d  in Section II shall be those substances th a t  a re  p ar t  of 
th e  h a z a rd o u s  p ro d u c t  c o v e re d  by th e  MSDS and in d iv id u a l ly  m e e t  any of the 
c r i t e r i a  d e f in in g  a hazardous m ateria l .  Thus, one component of a multicomponent 
p ro d u c t  m ig h t  be l i s t e d  because  of its toxicity , another component because of its 
f l a m m a b i l i ty ,  w hile  a  th i rd  component could be included both for i ts  tox icity  and 
i t s  r e a c t i v i t y .  N o te  t h a t  a  MSDS for a single component product must have the 
nam e  of th e  m a te r i a l  r e p e a te d  in this section to avoid giving the  impression tha t 
the re  a re  no hazardous ingredients.

C h e m ic a l  substances should be listed  according to  their com plete  name derived 
from  a  r e c o g n iz e d  s y s te m  of n om encla tu re .  Where possible, avoid using common 
n a m e s  and  g e n e r a l  c la s s  n a m e s  such  as  " a r o m a t i c  a m in e ,"  " s a f e ty  solvent," or 
"aliphatic hydrocarbon" when the specific name is known.
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The "% M m ay be th e  a p p ro x im a te  p e r c e n ta g e  by weight or volume (indicate 
basis)  t h a t  e a c h  h a z a rd o u s  in g red ien t  of the m ixture bears to  the  whole mixture. 
This m ay be in d i c a te d  as  a ran g e  or maximum amount, ie, "10-40% vol" or "10% 
max wt" to  avoid disclosure of trade  secre ts .

T oxic  hazard  data  shall be s ta te d  in te rm s of concen tra tion , mode of exposure 
or te s t ,  and animal used, eg, "100 ppm LC50-rat,"  "25 mg/kg LD50-skin-rabbit," "75 
ppm  LC-man," o r  " p e rm is s ib le  e x p o su re  fro m  29 C F R  1910 .1000 ,"  o r ,  if no t  
a v a i la b le ,  f ro m  o th e r  so u rces  of publications such as the  A m erican C onference of 
G overnm ental Industrial Hygienists or the American National Standards Institu te  Inc. 
F la s h p o in t ,  shock  s e n s i t i v i ty ,  or s im ilar descriptive data  may be used to  indicate 
f iam mability , reac tiv i ty ,  or similar hazardous properties  of the  m ateria l .

(c) Section III. Physical D ata

The d a t a  in S ec t ion  III should be for the to ta l  m ixture and should include the 
bo il ing  point and melting point in degrees Fahrenheit (Celsius in parentheses); vapor 
p re s s u re ,  in c o n v e n t io n a l  m illim eters of mercury (mmHg); vapor density of gas or
vapor (a ir  = 1); s o lu b i l i ty  in w a te r ,  in p a r t s / h u n d r e d  p a r ts  of w ate r  by weight;
s p e c i f i c  grav ity  (water = 1); percen t volatiles (indicated if by weight or volume) a t  
70 F (21.1 C); e v a p o r a t io n  r a t e  fo r  liquids or sublimable solids, re la tive  to  butyl 
a c e t a t e ;  and a p p e a ra n c e  and odor. These data  are  useful for the  control of toxic 
s u b s ta n c e s .  Boiling p o in t ,  vap o r  d e n s i ty ,  p e r c e n t  vo la ti les ,  vapor pressure, and 
e v a p o ra t io n  are  useful for designing proper ventila tion equipm ent. This inform ation 
is a lso  u se fu l  fo r  des ig n  and d e p lo y m e n t  of a d e q u a te  f ire  and spill conta inm ent 
e q u ip m e n t .  The a p p e a r a n c e  and  odor m ay fa c i l i ta te  iden tif ica tion  of substances 
s tored  in improperly m arked containers , or when spilled.

(d) Section IV. F ire  and Explosion D ata

S e c t io n  IV should  c o n ta in  c o m p le te  f i r e  and explosion data  for the  product, 
inc lud ing  f la s h p o in t  and  autoignition tem pera tu re  in degrees Fahrenheit (Celsius in 
p a r e n th e s e s ) ;  f la m m a b le  l im its ,  in percen t by volume in air; su itable  extinguishing 
m e d ia  or m a te r i a l s ;  s p e c ia l  firefighting procedures; and unusual f ire  and explosion 
h a z a rd  in fo rm a t io n .  If th e  p ro d u c t  p r e s e n ts  no f i r e  h a z a rd ,  in s e r t  "NO FIRE 
HAZARD" on the line labeled "Extinguishing Media."

(e) Section V. H ealth  Hazard Information

The "Health  Hazard D ata" should be a combined e s t im a te  of the  hazard  of the 
t o t a l  p ro d u c t .  This can  be e x p re s s e d  as a  TWA concen tra tion , as a permissible 
e x p o su re ,  or by som e  o th e r  indication of an accep tab le  s tandard. O ther data  are  
accep tab le ,  such as lowest LD50 if multiple components a re  involved.

U nder " R o u te s  of E x p o su re ,"  c o m m e n ts  in e a c h  category  should re f le c t  the 
p o t e n t i a l  h a z a rd  from  a b s o rp t io n  by th e  r o u te  in q u e s t io n .  C o m m e n ts  should  
indicate the  severity  of the e f fe c t  and the basis for the s ta tem en t  if possible. The
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basis  m ight be animal studies, analogy with similar products, or human experiences. 
C o m m e n ts  such as "yes" or "possible" a re  not helpful. Typical com m ents  might be:

Skin C o n ta c t—single short co n tac t ,  no adverse e f fe c ts  likely;
prolonged or repea ted  co n tac t ,  possibly mild irr i ta tion .

Eye C o n ta c t—some pain and mild transien t irri ta tion ; no
corneal scarring.

" E m e rg e n c y  and  F i r s t  Aid P rocedu res"  should be w rit ten  in lay language and 
should primarily rep resen t f irs t-a id  t r e a tm e n t  th a t  could be provided by param edical 
personnel or individuals tra ined  in f irs t  aid.

In fo rm a t io n  in t h e  " N o te s  to  P h y s ic ia n "  s e c t io n  shou ld  include any special 
m e d i c a l  i n f o r m a t i o n  w hich  w ould  be of a s s i s t a n c e  to  an  a t t e n d in g  physician, 
inc luding  required or recom m ended preplacem ent and periodic medical exam inations, 
diagnostic procedures, and medical m anagem ent of overexposed employees.

(f) Section VI. R eac tiv i ty  D ata

The c o m m e n ts  in Section VI re la te  to safe s torage and handling of hazardous, 
u n s t a b l e  s u b s t a n c e s .  It is p a r t i c u l a r ly  im p o r t a n t  to  h ig h l ig h t  in s t a b i l i ty  or 
in c o m p a t ib i l i ty  to  c o m m o n  s u b s ta n c e s  o r  c i r c u m s ta n c e s ,  su ch  a s  w a te r ,  d irec t 
s u n l ig h t ,  s t e e l  or c o p p e r  p ip ing ,  a c id s ,  a lk a l ie s ,  e tc .  "Hazardous Decomposition 
P ro d u c ts "  sh a l l  include those products released under f ire  conditions. It must also 
in c lu d e  d a n g e ro u s  p ro d u c ts  p ro d u c e d  by ag in g ,  such  as peroxides in the case of 
some ethers . Where applicable, shelf life should also be indicated.

(g) Section VII. Spill or Leak Procedures

D e ta i le d  procedures for cleanup and disposal should be lis ted  with emphasis on 
p r e c a u t io n s  to  be ta k e n  to p ro tec t  employees assigned to  cleanup detail.  Specific 
n e u t r a l i z in g  c h e m ic a l s  or p ro c e d u re s  shou ld  be d e s c r ib e d  in d e t a i l .  D isposa l  
m e th o d s  should  be e x p l ic i t  including proper labeling of containers  holding residues 
and u lt im ate  disposal methods such as "sanitary landfill" or " incineration." Warnings 
such  as  "Comply w ith  local, s ta te ,  and Federal antipollution ordinances" a re  proper 
but not sufficient. Specific procedures shall be identified.

(h) Section VIII. Special P ro tec tion  Information

S e c t io n  VIII requires  specific inform ation. S ta tem en ts  such as "Yes," "No," or 
"If n e c e s s a ry "  a r e  no t  inform ative . Ventilation requirem ents  should be specific  as 
to  ty p e  and  p r e f e r r e d  m e th o d s .  R e s p i r a to r s  sh a ll  be  s p e c i f i e d  as to  type and 
NIOSH or US Mine S a f e ty  and  H ea lth  Administration approval class, ie, "Supplied 
a i r ,"  "O rg a n ic  vapo r  can is te r ,"  e tc .  P ro tec tive  equipment must be specified  as to  
type and m ateria ls  of construction.
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(i) Section IX. Special Precautions

" P r e c a u t i o n a r y  S ta t e m e n t s "  shall consist of the  label s ta tem en ts  se lec ted  for 
use on the container or p lacard. Additional inform ation on any aspec t of safe ty  or 
h e a l th  n o t  c o v e re d  in o th e r  sections should be in serted  in Section IX. The lower 
b lock  can contain re ferences  to  published guides or in-house procedures for handling 
and  s to r a g e .  D e p a r tm e n t  of T ransporta tion markings and classifications and o ther 
freight, handling, or s torage requirem ents  and environm ental controls  can be noted.

(j) Signature and Filing

F in a l ly ,  th e  nam e and  a d d re s s  o f  th e  responsib le  person who com pleted  the 
MSDS and th e  d a te  of c o m p le t io n  a re  en tered . This will fa c i l i ta te  correc tion  of 
e rro rs  and identify a source of additional information.

The MSDS sh a l l  be filed  in a location readily accessible to employees exposed 
to  th e  hazardous substance. The MSDS can be used as a training aid and basis for 
d iscu ss io n  d u r in g  s a f e ty  m eetings and training of new employees. It should assist 
m a n a g e m e n t  by d i r e c t in g  a t t e n t i o n  to  th e  n e e d  fo r  specific  control engineering, 
w ork p r a c t i c e s ,  and  p r o t e c t i v e  m e a s u re s  to  en su re  safe  handling and use of the 
m a te r i a l .  I t  w ill  a id  th e  sa fe ty  and health  s ta f f  in planning a safe  and healthful 
w ork e n v i ro n m e n t  and  in suggesting appropria te  em ergency procedures and sources 
of help in the  event of harmful exposure of employees.
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MATERIAL SAFETY DATA SHEET
1 PRODUCT IDENTIFICATION

M A N U F A C T U R E R ' S  N A M E
R E G U L A R  T E L E P H O N E  N O  
E M E R G E N C Y  T E L E P H O N E  N O

A D D R E S S

TRADE NAME

SYNONYMS

II HAZARDOUS INGREDIENTS

M A T E R I A L  O R  C O M P O N E N T % H A Z A R O  D A T A

III PHYSICAL DATA
8 0 I L I N G  P O IN T  7 6 0 M M H J 3 M E L T I N G  PO IN T

S P E C I F I C  G R A V I T Y  (H 20 = l ) V A P O R  P R E S S U R E

V A P O R  D E N S I T Y  ( A I R - 1 ) S O L U B I L I T Y  IN  h 20.  %  B Y  wT

%  V O L A T I L E S  BY  V O L E V A P O R A T I O N  R A T E  (B U T Y  L A C E T A T E  1 >

j  A P P E A R A N C E  A N D  O D O K
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IV FIRE AND EXPLOSION DATA
F l a s h  P O IN T  

(T EST  M E T H O D )

A U T O I G N I T I O N
T E M P E R A T U R E

F L A M M A B L E  L IM I T S  IN  A IR .  %  B Y  V O L L O W E R U P P E R

E X T I N G U I S H I N G

M E O I A

S P E C I A L  F IR E

F IG H T IN G

P R O C E D U R E S

U N U S U A L  F IR E  
A N D  E X P L U S I O N  

H A Z A R D

________________V HEALTH HAZARD INFORMATION
H E A L T H  H A Z A R D  D A T A

R O U T E S  OF  E X P O S U R E  

IN H A L A T I O N

S K I N  C O N T A C T

S K I N  A B S O R P T I O N

¿ Y E  C O N T A C T

IN G E S T IO N

E F F E C T S  OF  O V E R E X P O S U R E  
A C U T E  O V E R E X P O S U R E

C H R O N I C  O V E R E X P O S U R E

E M E R G E N C Y  A N D  F IR S T  A I D  P R O C E D U R E S

E Y E S

S K I N

I N H A L A T I O N  

IN G E S T IO N  

N O T E S  T O  P H Y S I C I A N
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VI REACTIVITY DATA

C O N D IT I O N S  C O N T R I B U T I N G  T O  I N S T A B I L I T Y

IN C O M P A 1  i B I L I T Y

H A Z A R D O U S  D E C O M P O H T I O N  P R O D U C T S

C O N D I T I O N S  C O N T R I B U T I N G  T O  H A Z A R D O U S  P O L Y M E R I Z A T I O N

VII SPILL OR LEAK PROCEDURES

S T E P S  T O  B E  T A K E N  IF M A T E R I A L  IS  R E L E A S E D  O R  S P I L L E D  

N E U T R A L I Z I N G  C H E M I C A L S

W A S T E  D I S P O S A L  M E T H O D

VIII SPECIAL PROTECTION INFORMATION

V E N T I L A T I O N  R E Q U I R E M E N T S

S P E C I F I C  P E R S O N A L  P R O T E C T I V E  E Q U IP M E N T  

R E S P I R A T O R Y  ( S P E C IF Y  IN D E T A I L )

E Y E

G L O V E S

O T H E R  C L O T H I N G  A N D  E Q U IP M E N T
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P R E C A U T I O N A R Y

S T A T E M E N T S

IX SPECIAL PRECAUTIONS

O T H E R  H A N D L I N G  A N D  
S T O R A G E  R E Q U I R E M E N T S

P R f c P A R E O  B Y

A D D R E S S

D A T E
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XI. TABLES AND FIGURE 

TABLE X I-1

CHEMICAL AND PHYSICAL PROPERTIES OF SELECTED DIISOCYANATES

Toluene d i i s o c y a n a te  (TDI)

Appearance 
Formula 
Formula weight 
Boiling point 
Melting point

Vapor pressure

Specific gravity

Vapor density (air = 1)
Flashpoint (open cup)
Autoignition tem p era tu re  
Explosive limits (% volume in air) 
Solubility

Conversion fac to rs

D iphenylm ethane di i s o c y a n a te  (MDI)

Appearance 
Formula 
Formula weight 
Boiling point 
Melting point 
Vapor pressure 
Specific gravity 
Vapor density 
Flashpoint (open cup)
Autoignition tem pera tu re  
Explosive limits 
Solubility

Conversion fac to rs

Colorless to  pale yellow liquid
C9H6N202
174.16
251 C (484 F) (all isomer ratios) 
20-22 C (68-72 F)

(80/20% 2 ,4-/2 ,6-isomer mixture) 
0.05 mmHg a t  25 C (77 F) 

(80/20% mixture)
1.22 a t  25 C (77 F)

(80/20% mixture)
6.0 (all isomer ratios)
135 C (275 F) (80/20% m ixture)

0.9-9.5 (2,4-isomer)
Soluble in a ro m a tic  hydrocarbons, 

n itrobenzene, ace tone , e thers ,  
es te rs  (all isomer ratios)

1 y g /c u  m = 0.1404 ppb 
1 ppb = 7.123 y g /c u  m

White to  pale yellow solid
C15H10N202
250.3
314 C (597 F)
38 C (100.4 F)
0.00014 mmHg a t  25 C (77 F)
1.23 
8.6
196 C (385 F)

Soluble in a ro m a tic  hydrocarbons 
nitrobenzene, ace tone , e thers ,  
es te rs

1 y g /c u  m = 0.098 ppb 
1 ppb = 10.236 y g /c u  m
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TABLE X I-1 (CONTINUED)

CHEMICAL AND PHYSICAL PROPERTIES OF SELECTED DIISOCYANATES

Hexamethylene di i s o c y a n a te  (HDI)

Appearance 
Formula 
Formula weight 
Boiling point 
Melting point 
Vapor pressure 
Specific gravity  
Vapor density 
Flashpoint
Autoignition tem pera tu re  
Explosive limits 
Solubility

Conversion fac to rs

N aph tha lene  d i i s o c y a n a te  (NDI)

Appearance 
Formula 
Formula weight 
Boiling point 
Melting point 
Vapor pressure 
Specific gravity 
Vapor density 
Flashpoint (open cup) 
Autoignition tem pera tu re  
Explosive limits 
Solubility
Conversion fac to rs

Isophorone d i i s o c y a n a te  (IPDI)

Appearance 
Formula 
Formula weight 
Boiling point 
Melting point 
Vapor pressure

Liquid
C8H12N202
168.0
212.8 C (415 F) a t  760 mmHg

0.05 mmHg a t  24 C (75 F) 
1.04

140 C (284 F)

Poorly soluble in w ater ,  readily 
soluble in organic solvents 

1 y g /c u  m = 0.145 ppb 
1 ppb = 6.879 y g /c u  m

White to  yellow crysta lline  flakes 
C12H6N202 
210
263 C (505 F)
126.5-127 C (259.7-260.6 F)
0.003 mmHg a t  24 C (75 F)

155 C (311 F)

1 y g /c u  m = 0.116 ppb 
1 ppb = 8.597 y g /c u  m

Colorless liquid
C12H18N202
222.29
158 C (316 F) a t  10 mmHg 
Approximately -60 C (-76 F) 
0.0003 mmHg a t  20 C (68 F)



TABLE X I-1 (CONTINUED)

CHEMICAL AND PHYSICAL PROPERTIES OF SELECTED DIISOCYANATES

Isophorone d i i s o c y a n a te  (continued)

Specific gravity  
Vapor density 
Flashpoint (closed cup) 
Autoignition tem pera tu re  
Explosive limits 
Solubility

Conversion fac to rs

1.062 g/m l a t  20 C (68 F)

155 C (311 F)
430 C (806 F)

Miscible with e s te rs ,  ketones, 
e thers , a ro m a tic  and aliphatic  
hydrocarbons 

1 y g /c u  m = 0.110 ppb 
1 ppb = 9.092 u g /c u  m

D icyclohexylm ethane  4 , 4 ' - d i i s o c y a n a t e

Appearance 
Formula 
Formula weight 
Boiling point 
Melting point 
Vapor pressure

Specific gravity 
Vapor density 
Flashpoint
Autoignition tem pera tu re  
Explosive limits 
Solubility

Conversion fac to rs

Colorless to  light yellow liquid 
C15H22N202 
262

<-10 C (<-50 F)
0.4 mmHg a t  150 C (238 F)
7.0 mmHg a t  200 C (328 F) 
1.07

R eac ts  with w ater and
ethanol; soluble in ace tone  

1 u g /c u  m = 0.093 ppb 
1 ppb = 10.753 Ug/cu m

Adapted from references  1-10
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TABLE XI-2

SYNONYMS FOR DIISOCYANATE COMPOUNDS AND ISOMERS

Toluene diisocyanate 
TDI
Tolylene diisocyanate 
Methylphenylene isocyanate  
D iisocya nato to  lue ne 
Stilbene diisocyanate
2,4-Toluene diisocyanate
2,6-Toluene diisocyanate

Diphenylmethane diisocyanate 
MDI
4,4'-Diisocyanatodiphenylmethane 
Methylene bisphenyl isocyanate 
Methylene isocyanate  
Diphenyl m ethane 4 ,4 -d iisocyanate
4,4 -M ethy lene diphenyl isocyanate

H exam ethylene diisocyanate 
HDI 
HMDI
1,6-Diisocyanatohexane

Naphthalene diisocyanate 
NDI
1.5-Naphthalene diisocyanate
1.5-Diisocyanatonaphthalene

Isophorone diisocyanate 
IPDI

5-Isocyanato-l-(isocyanatom ethyl)-l,3 ,3-trim ethylcylcohexane

Dicyclohexylmethane 4,4 '-diisocyanate 
Hydrogenated MDI 
4,4 '-diisocyanatodicyclohexylmethane 
Methylene bis(4-cyclohexyl isocyanate)
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TABLE XI-3

LC50 AND LD50 VALUES OF DIISOCYANATES IN ANIMALS

Compound

TDI

MDI

HDI

M

II

II

NDI

II

IPDI

II

Species LC50 LD50* R eference

C oncentra tion  Duration Oral Dermal 
(mg/cu m) (hr) (mg/kg) (mg/kg)

R ats

Mice 

Guinea pigs 

Rabbits 

R ats

Mice

Rabbits

R ats

Rabbits

R ats

350 (M) 
360 (F)

98.7

57.7

68.9

90 .2

369 (M) 
380 (F)

385

310 (M) 
350 (F)

30

260

160 (M) 
135 (F)

4
4

1

4

4

4
4

4
4

5,800

3,060

10,000

710

570

> 10,000

6,000 

>2,500 1,000

4
4

91

101

36

103

101

101

103 

91

2

91

5

2

2

2

104 

91
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TABLE XI-3 (CONTINUED)

LC50 AND LD50 VALUES OF DIISOCYANATES IN ANIMALS

Compound Species LC50 LD50* R eference

C oncentra tion  Duration 
(mg/cu m) (hr)

Oral Dermal 
(mg/kg) (mg/kg)

IPDI R a ts 123 4 - 104

II II 33 4
(x 5 d)

- 104

11 Mice - - >2,500 104

II C ats - - >1,000 104

Bitolylene
diisocyanate

R a ts - - <f, 640 2

Dianisidine
diisocyanate

II - - >10,000 2

Diethylbenzene
diisocyanate

II 320 6 “ — 2

♦Single dose
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TABLE X M

SKIN AND EYE IRRITATION POTENTIAL OF DIISOCYANATES IN RABBITS

Compound Skin Irrita tion Eye Injury

TDI M oderate Severe

MDI S I ig h t M oderate

HDI Severe Severe

NDI II If

IPDI* M aderate II

Bitolylene
diisocyanate

S I ig h t S I ig h t

Dianisidene
diisocyanate

None II

Diethylbenzene
diisocyanate

Severe Severe

♦From re fe rence  104 

Adapted from Woolrich [ 2 ]
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Temperature °C

FIGURE XI-I 

VAPOR PRESSURES OF DIISOCYANATES

Adapted from references  2,6,7

138 U S  GOVERNMENT PAINTING OFFICE 1979 -  6  5 7  -  0 6 1  / 1 8 5 6



D E P A R T M E N T  O F  

H E A L T H  E D U C A T I O N ,  A N D  WELL F'A R E

P U B L I C  H E A L T H  S E R V I C E

C E N T t R  F O R  £ I S  E  A  S  E C C M K C L

! ^ N A i  ¡ S S ' [ ¡ r j T f  r  p  '  . i j p l T l O S A L .  S  A  r  r  j  ■ A N D  H E A L T H

R - . ' 8 f » T  a  T ! & e  A  T \ :  f .  EI S

4  6  7  t  O . ; : i*' E  ¡ a P A R  -,v a  • C I N C I N N A T I  , ' • 1 1 O  4 5 2 T b

O F F  1C" AL-  B U S I N E S S

P L N A L T Y  F O R  P R I V A T E  U S E  S 3 ' ) 0

f  f l :  ^  ;  M (  O  I ■ ! f ' Í  ? j- : M  !- a d o n  >‘V ; ' ï


